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                                                                                                                                            Summary 
Summary 
       Comparative study of lung and swimbladder development is not only an important issue in 
developmental biology, but also an attractive topic in evolutionary biology. However, although 
the homology between lung and swimbladder is supported by their common morphological 
origin and blood supply from the 6th branchial artery, molecular evidence remains largely 
missing. Previously, we demonstrated that many genes important for induction of lung bud and 
early lung development are also expressed in zebrafish swimbladder development. In particular, 
Hedgehog signaling pathway, essential for lung development, is also required for proper 
development of all the three tissue layers of the swimbladder. Although the Wnt signaling 
pathway has been reported to play a critical role in mammalian lung development, the role of 
Wnt signaling in zebrafish swimbladder and Xenopus lung development has not been 
investigated.  
         In the current study, we investigated Wnt signaling in the Xenopus and zebrafish models. 
The expression of sftpc, nkx2.1, wnt7b, wnt5a, wif1 and shh in different tissue layers of early 
Xenopus lung were demonstrated. In zebrafish, a number of Wnt component genes expressed in 
the three tissue layers of swimbladder, including wif1, wnt5b, wnt11, axin1, axin2, tcf3, fz2, fz7a, 
wif1, were also identified. By employing three different approaches to manipulate Wnt signaling, 
including using the hs:Dkk1-GFP and hs:∆Tcf-GFP  transgenic lines, which are engineered for 
heat-shock-inducible Wnt inhibition, the chemical inhibitor of Wnt signaling, IWR-1, and up-
regulation of Wnt signaling by knockdown of the Wnt protein inhibitor wif1, we demonstrate 
that Wnt signaling plays critical roles in the specification, proliferation, apoptosis inhibition, 
organization  in all three layers and smooth muscle differentiation in the swimbladder.     
VIII 
 
                                                                                                                                            Summary 
           Furthermore, we investigated the roles of Wnt ligand genes wnt1, wnt5b and wnt11 in the 
early development of the zebrafish swimbladder and revealed the synergetic roles of wnt5b and 
wnt11 for the specification of mesenchymal cells in swimbladder. More importantly, we 
demonstrate that Wnt signaling is required for the budding of a second swimbladder bud. Proper 
development of swimbladder requires a proper level of Wnt signals. In addition, the cross-talks 
between Wnt signaling and Hedgehog signaling as well as tbx2a signaling were investigated. In 
conclusion, our study demonstrates that the roles of Wnt signaling are conserved between the 
early development of the zebrafish swimbladder and tetrapod lung.  
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                                                                                                                                             Chapter I 
1.1  Evolutionary link between the lung and the swimbladder 
      The evolutionary link between the fish swimbladder and tetrapod lung is one of the most 
fascinating yet debatable riddles in evolutionary biology. The migration of life from the sea to 
the land required a totally different respiratory system to allow the terrestrial organisms to uptake 
oxygen from air. Development of the lung is an important landmark in animal evolution which 
rendered the formation of the lung respiratory system thus empowered the vertebrate animals to 
change from water living to land living. The development of the tetrapod lung has long been an 
interesting topic not only from the perspective of developmental biology but also from the view 
of evolutionary biology. Although fishes do not have a lung, they have a special endoderm organ, 
i.e. swimbladder, which is developed from the anterior intestine in a position that is comparable 
to the position for the lung out-pouching in tetrapods. The comparative anatomy of the fish 
swimbladder and tetrapod lung suggests that they share the same ancestral origin termed the 
respiratory pharynx in the foregut (Wassnetzov, 1932). Compared to the high complexity of the 
branched lung, swimbladder is just a simple sac without branches.  
            Swimbladder was recognized as an important organ by Charles Darwin in his book, The 
Origin of Species (1859), in a way that swimbladder was the predecessor of the tetrapod lung. 
Later it was found out that Darwin’s assumption was not completely correct. Subsequent studies 
have demonstrated that swimbladder and lung shared a common origin from which they 
originated (Perry, 2001). Several studies (Neumayer, 1930; Wassnetzov, 1932) have suggested 
that swimbladder and lung initially evolved from a respiratory pharynx, among which a posterior 
part was modified for the uptake of gas (Perry, 2004). According to this theory, while 
Sarcopterygians evolved a pair of lungs from the ventral part of the posterior respiratory pharynx, 
Actinopterygians developed swimbladder from the dorsal side of the same posterior respiratory 
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pharynx region. Another hypothesis is that swimbladder and the lung evolved independently in 
evolution: the lung anlage may have degenerated in the fish whereas swimbladder regressed in 
the tetrapod (Lauder and Liem, 1983). There is also several lines of evidence to support this 
theory. For example, in ancient Sarcopterygians such as Coelacanths, in addition to a primitive 
lung, there is a swimbladder anlage, although it is greatly regressed compared to those of teleost 
fishes (Fange, 1983; Walker, 2002). Therefore, swimbladder seems to have evolved and co-exist 
with the lungs in some Sarcopterygian. 
         Although swimbladder is not a respiratory organ and is responsible only for buoyancy in 
most fish species, some exceptions do exist. A good example comes from the African lungfish 
(Protopterus annectens) and the Australian lungfish (Neoceratodus forsteri) (Sagemehl, 1885). 
In these lungfishes, swimbladder develops into a single unpaired lung located in the dorsal part 
of the body cavity. This unpaired lung has limited branching with a number of subdivisions or 
septa that form a spongy region similar to the alveoli in the tetrapod lung (Dean, 1895). It seems 
to be an “intermediate” or “transitional” evolutionary form between the ventrally located lung 
and the dorsally located swimbladder. From the perspective that structure is suited to specific 
function, the dorsal localization of the lung seems to be suited to the fish’s aquatic lifestyle, 
where the lung served more for buoyancy regulation rather than breathing. More interestingly, 
although it is located dorsally, the lung of lungfish is connected by a long pneumatic duct to the 
alimentary tract (Graham, 1997). This ventral side out-pouching is similar to that of the lungs in 
tetrapods. Another intermediate form of swimbladder and lung is observed in the pulmonary 
swimbladder of the bowfish, which is an ancient Actinopterygian (Fange, 1983). It is interesting 
to note that, although this fish lives in a totally aquatic environment, it develops a pulmonary 
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swimbladder. Swimbladder may play a role for gas exchange during poor oxygen conditions, 
apart from its buoyancy regulation function. 
Another pivotal evidence which supports the homology between the lung and 
swimbladder comes from the blood supply of swimbladder and lung. The 6th branchial artery is 
the source of blood for both the lung in Sarcopterygians and the pulmonary swimbladder in more 
ancient Actinopterygians (Perry, 2004). This common source is not conserved in higher teleosts 
including the Cyprinids. Here, swimbladder has lost the respiratory function and has developed a 
distinct vascularization system, in which swimbladder is supplied by swimbladder artery as 
described in the zebrafish (Isogai, 2001; Winata et al, 2010). These observations suggest a 
transition from a dorsal to ventral location of the lung based on its different functional 
requirements when an aquatic or a terrestrial lifestyle was adapted. Therefore, in the ancestral 
condition, the pulmonary swimbladder was used as an additional respiratory organ to 
complement the gills. Then, the pulmonary swimbladder diverged into either pulmonary 
structure in fishes living in a semi-water environment or in low-oxygen waters, or a purely 
hydrostatic swimbladder in most other fishes living in a purely aquatic lifestyle. According to the 
function-dominant-of-structure mode, it is possible that some fishes can re-acquire pulmonary 
function in swimbladder. A good example is from the pulmonary swimbladder of the catfish 
Pangasius sutchi (Liu, 1993; Graham, 1997), which was thought to have re-acquired a 
pulmonary swimbladder due to the demands of oxygen from air in their normal living 
environment. 
        The evidence that supports the link between swimbladder and lung also comes from specific 
marker genes and marker proteins. It is well known that there are some important and specific 
markers for the tetrapod lung, including surfactant related proteins B and C (D’Amore-Bruno et 
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al., 1992; Khoor et al., 1994) that aids in breathing function. By immunostaining with human 
surfactant protein antibodies, surfactant proteins has been detected in swimbladders of European 
eels (Anguilla Anguilla) and Perch (Perca fluviatilis) (Prem et al., 2000), suggesting the retention 
of their ancient function for gas exchange. However, to date, no surfactant related gene have 
been cloned in fish. 
Although the homology between the lung and swimbladder is supported by their common 
morphological origin and blood supply source, molecular evidence is lacking. It is not known if 
genes essential for lung branching morphogenesis are silenced in swimbladder development, or 
whether they can induce branching morphogenesis in swimbladder if they are activated 
artificially. Therefore, extensive genetic and molecular comparisons are expected to elucidate 
whether swimbladder and lung indeed share the same evolutionary origin. Such molecular 
evidence will provide more insight into the evolution of the lung and swimbladder. 
   1.2 The evolution history of fishes 
A major group of vertebrates that lead an aquatic life is the fishes, which are classified 
into two groups, the cartilaginous fishes (Chondricthyes) and the bony fishes (Osteichthyes), 
which separated around 460 million years ago. The cartilaginous fishes are mainly the sharks and 
rays that have skeletons made up of cartilage. The bony fishes separated around 440 million 
years ago to form two subclasses, the lobe-finned fishes (Sarcopterygii) and the ray-finned fishes 
(Actinopterygii). The lobe-finned fishes include the Coelacanth (Latimeria), a living fossil and 
the lungfishes (Dipnoi). The lungfish made the first move from the aquatic life towards life on 
land 425 million years ago. This led to the subsequent evolution of numerous kinds of tetrapods 
including humans. So the lungfish was described as our ‘glorified ancestor’ by Richard Dawkins 
in his book The Ancestor’s Tale (2004). At the same time, another subclass of bony fishes, the 
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ray-finned fishes underwent numerous diversifications into numerous species. One of the orders 
of this subclass is the Teleostei, which includes Cypriniformes such as the zebrafish. To date, the 
zebrafish has become a model species in the study of developmental biology and human diseases. 
The teleost group is a special group that possesses swimbladder, which is used for hydrostatic 
equilibrium allowing fish to swim in water with perfect buoyancy regulation.  
1.3 The evolution of the teleost swimbladder  
Swimbladder, a sac filled mainly with carbon dioxide and oxygen (Fange, 1983; Pelster, 
2004), is a specialized organ in teleosts that regulates buoyancy (Dawkins 2004). It is located 
between the vertebral column and the peritoneum. Swimbladder is often separated from the body 
cavity by a thin peritoneal layer in cyprinids (Harder, 1975). The way in which swimbladder 
works is often described as that of Cartesian divers. The rete mirabile, a system of blood 
capillaries surrounding swimbladder, controls the maintenance of air volume in swimbladder. In 
order to descend or ascend in water, phytostomous fish can adjust the gas volume in 
swimbladder either by burping out air (Harder, 1975), or by re-absorbing or secreting molecules 
from or into the blood.  
In teleosts, swimbladder is normally connected to the gut by a pneumatic duct, which is 
either retained or lost in adults (Bertin, 1958). One way to classify teleosts is based on the 
connectivity between swimbladder and gut. Physostomous fish, a group that includes Cyprinids, 
retain the connection between swimbladder and gut (Fink and Fink 1996). This connection is 
used to inflate swimbladder by air gulped from the water surface (McCune & Carlson, 2004). In 
another group, Physoclistous, swimbladder connection to the gut is lost, thus swimbladder is 
isolated from the gut. Among teleosts, the number of swimbladder chambers are different in 
different species, ranging from one as in sturgeons and salmonids, to three as in cod (Harder, 
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1975). Swimbladder, separated by a deep constriction called the ductus communicans, consists of 
an anterior and a posterior chamber (Finney et al., 2006). 
Swimbladder consists of three tissue layers, epithelium, mesenchyme and mesothelium. 
The thin epithelium is the inner most layer that is in direct contact with gases and consists of a 
thin layer of cells lined by blood capillaries, which are used for gas exchange (Fange, 1966; 
Scheid et al., 1990). The mesenchymal layer is the middle layer surrounding the epithelium, and 
consists mainly of innervated smooth muscle. The mesenchyme is involved in autonomous 
reabsorption and gas secretion (Finney et al., 2006). The outermost layer, the mesothelium, 
covers the mesenchyme and separates swimbladder tissue from the lumen. The mesothelium 
contains pigments and guanine deposits that make swimbladder look shiny and dark. This 
mesothelium prevents gas permeability (Scheid et al., 1990). Swimbladder is also involved in 
hearing ain Cyprinid fish, whereby the pressure of waves are detected and transmitted through a 
connection called the Weberian ossicles (Alexander, 1970).  
1.4 Development of the mammalian lung 
Since the current study is to perform a comparative study of the lung and swimbladder, it 
is necessary to understand the events that are involved in lung development in tetrapods.  
1.4.1 Morphogenesis of the lung 
            The foregut endoderm differentiates into various epithelial cell types (type I and type II), 
which line the inner surface of the developing lung and trachea. The three distinct layers of the 
mammalian lung have been well characterized histoligically (Hogan, 1999). The lung is the main 
respiratory organ in terrestrial vertebrates. Air goes through the respiratory tract, which includes 
the nasal cavity, pharynx, and trachea; and finally travels into the bronchi and bronchioles into 
the terminal sac or alveoli that are rich in blood capillaries. Atmospheric oxygen diffuses into the 
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blood inside the capillaries in the alveoli and is carried throughout the body for gas exchange 
(Spooner and Wessels, 1970). The mammalian lung consists of a highly convoluted airway 
epithelium that is surrounded by a mass of mesenchyme, which in turn is surrounded by a two-
layered mesothelial membrane termed the pleura. The lung mesenchyme is derived from the 
lateral plate mesoderm and forms multiple components of the lung, such as connective tissue, 
endothelial cell precursors, smooth muscle that surrounds the airways and blood vessels, the 
lymphatics and the cartilage of the trachea. The monolayer mesothelial cells (pleura) that cover 
the outer surface of the lung also originate from mesenchyme. The epithelium is normally highly 
branched, providing a very large surface area for efficient air exchange. Lubricating fluid 
between two pleura (mesothelium) is used to reduce friction between the lung and chest cavity 
lining (Duncker, 2004; Moore and Daley, 2005). Therefore, the pleura serve as a protective layer 
of the lung. Surface tension of the pleural fluid allows the lung surface and chest wall to get as 
close as possible, which permits the alveoli to achieve maximum inflation during respiration. 
         Lung development has been extensively and intensively studied since it is the most 
important organ for breathing in the tetrapod (reviewed by Cardoso, 2006). The frequent 
occurrence of lung diseases such as tuberculosis and lung cancer have attracted the attention and 
promoted the study of genetic mechanisms that control cell proliferation and growth of the lung 
(Heymach et al., 2006; Hippenstiel et al., 2006; Fernandes et al., 2006; Howell and McAnulty, 
2006). Mutants of various functional genes have been shown to cause lung developmental 
defects (reviewed by Whitsett et al, 2004). Studies of mammalian lung development have 
provided information on genetic regulation of lung development. Extensive explorations have 
been conducted on mammalian lung endodermal specification, lung primordium formation, and 
the regulation of the initial stages of branching morphogenesis and differentiation in the 
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embryonic lung (reviewed by Cardoso, 2006). Tremendous efforts have also been made to 
understand lung vascular development (reviewed by Pauling and Vu, 2004), sacculation and 
alveoli formation (reviewed by Bourbon et al., 2005). 
  Mammalian lung development can be divided into five major stages: embryonic, 
pseudoglandular, canalicular, saccular, and alveolar (Perl and Whitsett, 1999). The mammalian 
lung is initiated from a ventral budding from the foregut epithelium, which develops as the 
trachea that separated from the esophagus. In mice, the foregut endoderm evaginates ventrally 
and becomes the lung epithelium at around E9.5. The presence of two lung buds represents the 
completion of embryonic lung development (Ten Have-Opbroek, 1991; Perl and Whitsett, 1999). 
In the following pseudoglandular stage, the two lung buds develop and form the two main 
bronchi, which undergo further branching to form bronchioles, which invade the surrounding 
mesenchyme that forms by E9.75 (Bellusci et al., 1997a, b). Branching morphogenesis is 
normally completed around E15. The next stages are the canalicular and saccular stages, during 
which the lung epithelium begins to differentiate to form pre-alveolar saccules. These saccules 
are the precursors of and will develop into the alveoli, a key terminal structure where oxygen 
exchange is conducted. Secondary septation starts at birth and continues postnatally to eventually 
form the alveoli. This process forming the mature alveolus and its capillary structure is classified 
as the final alveolar stage. During this stage, surfactant proteins and lipids, which are important 
to lung function, are also produced (Perl and Whitsett, 1999). Finally, the lung forms a tree of 
epithelial tubules consisting of the numerous alveolar units, which are in close contact with 
blood vessels, where oxygen molecules are absorbed and diffused into erythrocytes and 
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1.4.2 Molecular control of lung development 
       Various important transcription factors and signaling pathways are reported to be involved 
in the development of the mammalian lung. The initial molecular event in lung development is 
the commitment of the foregut endodermal cells to a respiratory fate (Perl and Whitsett, 1999; 
Cardoso and Lu, 2006). Nkx2.1, also called thyroid transcription factor 1 (Titf1) (Kimura et al., 
1996) is detected by E9 (Minoo et al., 1999; Serls et al, 2005), and has been reported as the 
earliest lung epithelial marker. Nkx2.1 is also functionally important for the separation of trachea 
and esophagus as well as proper branching and sacculation of the distal lung (Parviz et al., 1999). 
In addition, Nkx2.1 regulates the lung-specific surfactant-related gene expression by binding to 
their promoter along with Foxa1 and Smad (Parviz et al., 2008). Nkx2.1, together with HNF-3β, 
a transcription factor pivotal for foregut formation, is important for the commitment of the 
foregut epithelial cells to take a respiratory fate (Perl and Whitsett, 1999). Some genetic factors 
involved in these stages have been well investigated in mammalian models, and show severe 
defects when these factors are mutated (Cardoso and Lu, 2006). Some severe phenotypes have 
been shown due to mutations in forkhead domain transcription factor 2 (Foxa2, Hnf3β) (Wan et 
al., 2005), Fibroblast Growth Factors (De Moerlooze et al., 2000; Colvin et al., 2001) and 
members of the Hedgehog pathway (Litingtung et al., 1998; Motoyama et al., 1998). sonic 
hedgehog (shh) is strongly expressed in the distal lung epithelium and diffuses to exert signaling 
in mesenchyme through patched (Ptch1)/smoothened (Smo) and their transcriptional effectors 
Gli1, Gli2 and Gli3 (Bellusci et al., 1997).  
Another important gene, Fgf10a is detected around the epithelial buds at E9.75 in a group 
of mesenchyme cells (Bellusci et al., 1997). Fgf10 promotes epithelial cell proliferation, 
inducing lung bud growth, and it acts as a chemoattractant to guide lung bud growth along 
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specific directions (Bellusci et al., 1997; Park et al., 1998; De Moerlooze et al., 2000). In the 
Fgf10 mutant mouse, the lung buds, trachea, lung parenchyma, and bronchi are absent (Min et al., 
1998).  
         At the beginning of the pseudoglandular phase that is initiated at E10.5, Fgf10 expression 
can only be detected at the distal part of the mesenchyme, and it is under the regulation of Shh 
and Bmp4 which are expressed in the epithelium (Pepicelli et al., 1998; Lebeche et al., 1999). A 
highly conserved mechanism reveals that BMP4 antagonizes FGF10 during the branching 
morphogenesis process of many branched structures, such as in renal tubules (Costantini et al., 
2006), placental vili (Cross et al., 2006), mammary gland (Sternlicht et al., 2006) and prostate 
gland (Thomson and Marker, 2006). The mesenchyme cells also receive signals from pleura and 
epithelium and use them for the regulation of their coordinated patterning (Weaver, 2003; White, 
2006) and the differentiation into smooth muscle (Taderera, 1967). Bmp4 is expressed in the lung 
mesenchyme, where its role is debatable. It has been reported to inhibit Fgf10-mediated lung 
branching (Weaver et al., 2000), while another report has indicated that Bmp4 enhanced lung 
branching in lung explants (Bragg et al., 2001). Fgf10 and Fgfr2b signaling is crucial for 
mammalian lung bud formation and branching. Fgf10 is a chemotactic and proliferation factor 
for endoderm (Park et al., 1998). Either an Fgf10 or Fgfr2b mutation in mice results in lung 
budding and various other abnormalities. Another important Fgf family member, Fgf9 is 
expressed in the lung mesothelium and epithelium, and has been identified as a critical factor that 
signals to mesenchyme to regulate its proliferation, differentiation and the expression of other 
factors that in turn affect epithelial development (Colvin et al., 2001). In the end, with the 
coordinated control of these signals, a complete lung structure which consists of three main 
tissue types – a highly branched epithelium, a surrounding middle mesenchymal layer, and a 
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protective thin pleural layer is formed. After the formation of the three lung layers, subsequent 
maturation processes are regulated by some other factors, including retinoic acid (RA) (Colvin et 
al., 1999) and VEGF (Del Moral et al., 2006).The important Wnt signaling pathway, which will 
be discussed in detail in section 1.7.10 and 1.7.11, also plays pivotal roles in the regulation of 
lung development. 
1.5 Xenopus lung development 
   Compared to the mammalian lungs, which have been extensively studied (Shannon & Hyatt, 
2004; Hogan, 1999; Demello et al., 1997; Gebb & Shannon, 2000), the Xenopus lung has 
attracted less attention. Although it is important to discover the earliest determinants of lung 
formation, efforts to determine the molecules regulating the initiation of lung development have 
been unsuccessful to date, possibly due to intrinsic limitations of using the mammalian models 
(Spooner and Wessells, 1970). Given the highly conserved process of organogenesis in divergent 
species, the initiation of lung development might be conserved (Anderson and Ingham, 2003). 
Since frog development occurs in an extrauterine environment (Nieuwkoop and Faber, 1975), 
use of Xenopus laevis to study lung development may provide advantages over mammalian 
models. The lung of frogs consists of simple bilateral, spindle shaped sacs that are connected 
directly to the larynx (Okada et al., 1962). These sacs possess a central airspace that is penetrated 
by septa and lined by a continuous layer of squamous epithelial cells in close association with a 
network of capillaries (Meban, 1973; Okada et al., 1962). These epithelial cells contain 
multivesicular bodies and lamellar bodies (Meban, 1973), which are surface active and serve to 
reduce surface tension by producing surfactant proteins (Pattle and Hopkinson, 1963).   
         The earliest gene marker for lung progenitors in the mouse is Nkx2.1, which is expressed in 
endodermal cells in the lung/tracheal region of the foregut at E9.  Nkx2.1 is essential for the 
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developmental program of epithelial cells of the distal lung, but not crucial for progenitor cells of 
the proximal lung (Minoo et al., 1999). Nkx2.1 is also required for expression of several lung 
markers, such as surfactant-associated protein C (Sftpc) (Kelly et al., 1996), which is the most 
specific marker for lung epithelial cells after the primary buds form (Wert et al., 1993). In 
Xenopus, nkx2.1 has been reported to be expressed in the lung from stage 35, and it is also 
expressed in the telencephalon, diencephalon and thyroid from as early as stage 23 (Small et al., 
2000). The first effort to find specific gene markers for X. laevis lung was reported by Hyatt et al. 
(2007),  who cloned and described the expression patterns of X. laevis sftpc and spB genes 
specifically in lung. However, a detailed description of early Xenopus lung development using 
gene markers has not been conducted, thus impeding further genetic studies. 
         Although the teleost swimbladder is thought to be a counterpart of the mammalian lung by 
the consideration of their evolutionary relationship (Perry et al., 2001), huge anatomical 
differences between them weaken this relationship. Swimbladder is a simple gas sac located in 
the dorsoanterior part of body cavity (Finney et al., 2006), whereas the mammalian lung has 
much more complicated structures with substantial branching morphogenesis, vascularization, 
sacculation and alveoli formation (reviewed by Cardoso and Lu 2006; Williams, 2003; Bourbon 
et al., 2005). Therefore, using an intermediate model, Xenopus, which has simple bilateral, 
spindle shaped lung sacs (Okada et al., 1962), may be useful to bridge the gap between fish 
swimbladder and mammalian lung.  
1.6 Zebrafish as a model system  
1.6.1 Zebrafish as an experimental model 
The zebrafish (Danio rerio) has long been established as a good model for vertebrate 
developmental research. The first zebrafish mutant was generated by Prof. George Streisinger in 
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late 1970s at the University of Oregon, Eugene, USA, which conducted extensive zebrafish 
studies, contributing a wealth of knowledge on early vertebrate development. Compared to other 
vertebrate models such as mouse, C. elegans, fruit fly and Xenopus, the zebrafish offers many 
advantages which allow easier modeling of human diseases and study of early vertebrate 
development (Dooley and Zon, 2000). The advantages include high female fecundity, transparent 
embryos and external embryonic development, easy handling and low cost of maintenance. In 
addition, well established husbandry protocols, the increasing number of characterized mutants 
and complementation of genomic data reinforce the zebrafish as an excellent model for genetic 
research (Kimmel et al., 1995; Beier, 1998; Golling et al., 2002).  Furthermore, the zebrafish has 
also been employed in applied research such as drug discovery (reviewed by Zon and Peterson, 
2005), environmental biomonitoring (Alestrom et al., 2006) and the investigation of human 
diseases (reviewed by Lieschke and Currie, 2007).  
1.6.2 Position of zebrafish in taxonomy of fishes 
The zebrafish belongs to the bony fishes (Teleostei) class, under ray-finned fishes 
(Actinopterygii). According to Fishes of the World (Nelson, 2006), the zebrafish is in the 
Cypriniformes order, which includes the largest family of freshwater teleosts. The beneficial trait 
of a cyprinid for a swimbladder development study is that swimbladder is connected to the gut. 
The carps, minnows, and goldfishes are close relatives of zebrafish, because their basal position 
in the taxon, such that their swimbladder are physostomous, is not advanced evolved, compared 
to other Actinopterygians in which swimbladder has lost its connection to the gut.   
1.6.3 The zebrafish genome 
As revealed by the zebrafish genome project by the Wellcome Trust Sanger Institute 
(2009), the size of zebrafish genome is around 1.7 Gb, more than 50% of the size of the human 
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genome. Unexpectedly, most gene families in zebrafish have more members than their 
mammalian counterparts (Postlethwait et al., 2000). Besides zebrafish, other teleosts have also 
been shown to possess more gene families (Wittbrodt et al., 1998; Meyer and Schartl, 1999), and 
they usually have the orthologs of expanded genes as in zebrafish (Smith et al., 2000; Naruse et 
al., 2000). A generally accepted hypothesis is that the teleosts experienced additional genome 
duplication during their evolution. The duplication may have occurred through tandem 
duplication of segments of the chromosome or even the whole genome, accompanied by loss of 
some copies due to specialization of functions between retained duplicated copies (Force et al., 
1999) or natural selection (Woods et al., 2000). In most cases, combinations of the two 
duplicated zebrafish genes are functionally equal to their orthologs in mammals. This has been 
shown to be correct in several well-known gene families, such as the fgf family (Itoh and Konishi, 
2007), the hedgehog family (Hammerschmidt, 1997; Meyer and Schartl, 1999), the hox cluster 
(Amores et al., 1998; Meyer and Schartl, 1999), and the Wnt gene family (MacDonald et al., 
2009).  
 
1.6.4 Zebrafish in developmental biology research 
Zebrafish is a good model for developmental biology research. The short developmental 
time is a favorable trait. For example, in zebrafish, by 12 hpf a typical vertebrate body plan has 
formed, and by 5 dpf, almost all organs have formed (Westerfield, 1988; Kimmel et al., 1995). A 
second favorable trait is the transparency of the embryos. Transparent embryos make it possible 
to observe the developmental of internal organs in vivo; in particular one can employ GFP 
transgenics and take live images to observe in vivo process. Besides its external development and 
transparent embryos, the ease in collecting large numbers of eggs and the ease of embryonic 
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microinjection also contribute to the convenience of transgenesis studies. These features have 
been successfully used for genetic manipulation (knockdown or overexpression studies) 
(Nasevicius and Ekker, 2000) or introducing foreign molecules for the purpose of imaging 
(fluorescent dye or reporter constructs) (Gong et al., 2002). Transgenesis techniques have also 
been employed for building up an enhancer trap fish library using transposon (Korzh, 2007). 
Since the advent of zebrafish transgenesis techniques, extensive studies have been carried out to 
understand early developmental mechanisms. These studies have enriched knowledge about 
mechanisms of endoderm specification (Strähle et al., 1996; Schier et al., 1997; Feldman et al., 
1998; Alexander et al., 1999; Warga & Nusslein-Volhard, 1999; Reiter et al., 2001; Shivdasani, 
2002; Kikuchi et al., 2004; Mizoguchi et al., 2006), and early development of endodermal organs 
including the gut (Wallace and Pack, 2003), liver (Korzh et al., 2001, 2008; Field et al., 2003; 
Ober et al., 2006; Burke et al., 2006), pancreas (Stafford and Prince, 2002; Ober et al., 2003; 
Field et al., 2003; Theodosiou and Tabin, 2003; Wendik et al., 2004; Mudumana et al., 2004; 
Gnügge et al., 2004; Yee et al., 2005; Mavropoulos et al., 2005; Ng et al., 2005; Wan et al., 
2006), and swimbladder (Winata et al, 2009, 2010; Yin et al, 2010).  
1.6.4.1 Endoderm development in zebrafish 
The vertebrate body plan is initiated during the gastrulation stage, which gives rise to 
three distinct germ layers: ectoderm, mesoderm and endoderm. In the zebrafish, the ectoderm is 
derived from the animal pole cells, while the mesoderm and endoderm are derived from partially 
overlapping regions along the equatorial region, or margin between yolk and blastomeres of the 
embryo (Kimmel et al., 1990; Warga and Nusslein-Volhard, 1999). The endoderm is the 
innermost of the three germ layers, giving rise to a major part of the digestive tract such as the 
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gastrointestinal epithelium as well as certain parts of its evaginated structures such as the liver, 
pancreas and swimbladder (Stainier, 2002; Winata et al., 2009; Yin et al., 2010).  
1.6.4.1.1 Specification of early endodermal progenitors in the zebrafish embryo 
      In zebrafish, the precursor cells of endoderm and mesoderm are indistinguishable in the 
marginal region until the early gastrulation stage (Kimmel et al., 1990). Endodermal cells 
become flattened compared to the rounded mesodermal cells and only by late gastrulation (75% 
epiboly) can they be distinguished from mesodermal precursors (Warga and Nusslein-Volhard, 
1999). However, molecular distinctions between endodermal and mesodermal precursor cells 
occur as early as the late blastula stage, and are regulated by the Nodal signaling molecules 
(Stainier, 2002; Warga and Stainier, 2002). By this time, the endodermal progenitors are located 
in the first four rows of equatorial cells, mainly located in the two marginal-most regions, 
whereas mesodermal progenitors are located in the remaining places of the margin (Kikuchi et 
al., 2004). According to fate map studies, endodermal progenitors are located along the marginal 
zone during the late blastula stage, resembling the topographic arrangement of endoderm 
precursors along the digestive system (Warga and Nusslein-Volhard, 1999; Bally-Cuif et al., 
2000).  
 The molecular mechanism regulating endodermal cell fate specification in the zebrafish 
has been explored extensively (Alexander and Stainier, 1999; Stainier, 2002; Ober et al., 2003). 
According to the current model, Nodal signaling lies at the top of all the pathways regulating 
endodermal specification. The maternally expressed Eomesodermin (Bjornson et al., 2005) and 
Smad2 (Dick et al., 2000; Gaio et al., 1999) proteins initiate the endodermal determination 
program. Later on, by the mid-blastula stage, two zebrafish Nodals, Squint (sqt) and Cyclops 
(cyc), are expressed at the margin. They establish a morphogen gradient such that cells closer to 
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the margin receive a high level of Nodal signals and take an endoderm fate, whereas cells further 
from the margin will get less Nodal and take a mesoderm fate (Stainier, 2002; Ober et al., 2003). 
The requirement of Nodal signals for endodermal fate determination has also been shown in the 
mutants of three Nodal effectors, bonnie and clyde (bon), faust (fau), and casanova (cas). 
Mutation of these effector genes result in the absence of most or all endodermal precursors 
(Kikuchi et al., 2000; Reiter et al., 2001a). Sox17 is the earliest endodermal marker (Alexander 
and Stainier, 1999). Other endodermal specific markers include members of the winged helix 
transcription factor genes, forkhead domain 3 (foxa3) and forkhead domain 2 (foxa2), whose 
homologs in mouse are required for gut formation (Dufort et al., 1998). The expression of sox17 
is directly regulated by Cas (Kikuchi et al., 2001).   
1.6.4.1.2 Formation of the gut tube 
The formation of the gut tube begins once the endodermal progenitor cells are specified. In 
a typical amniote, the anterior and posterior parts of gut are formed first by the folding of a sheet 
of endodermal cells. These two parts of the gut will subsequently join together to form the 
complete gut tube (Wells and Melton, 1999; Fukuda and Kikuchi, 2005). In the zebrafish, gut 
morphogenesis occurs differently. Upon specification of the endodermal cells, the contiguous 
cells are polarized and rearranged to form the gut tube, but not by folding (Wallace and Pack, 
2003; Horne-Badovinac et al., 2001; Field et al., 2003).  Gut formation in the zebrafish also 
occurs later than that in mammals. Early studies suggested that a thin layer of cells forms the 
early endoderm, which moves to the midline to form a consolidated endodermal rod during the 
early segmentation stages. Although these differences exist, the temporal sequence is conserved 
for gut tube formation between zebrafish and mammals; i.e. the rostral gut (foregut) is formed 
first, followed by the posterior gut, and finally the middle gut.  
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1.6.5 Development of the zebrafish swimbladder 
       To date, several genes have been shown to be expressed in swimbladder (Farber et al., 2003; 
Georgijevic et al., 2007; Strähle et al., 1996), but only Hedgehog signaling and pbx1 have been 
shown to be involved in its development (Winata et al, 2009; Teoh et al., 2010). The 
development of swimbladder, as shown in Fig. 1-1, is divided into three stages: budding phase 
(36 - 48 hpf), growth phase (48 – 96 hpf) and inflation growth stage (4 dpf onward). The budding 
phase is initiated at 36 hpf, when a part of the foregut endoderm at the level of 2nd to 3rd somites 
evaginates as swimbladder epithelium. This is followed by a growth phase, where swimbladder 
rapidly elongates and two additional tissue layers are incorporated into the growing epithelial 
bud. By 72 hpf, swimbladder is characterized by three distinct layers – epithelium, mesenchyme, 
and outer mesothelium. Also during this period, the primordium of the second anterior chamber 
forms as an outgrowth from the dorso-anterior end of the main chamber. The third stage is 
marked by the inflation of the posterior chamber of swimbladder at 4-5 dpf, followed by inflation 
of the second anterior chamber which occurs at ~20 dpf. While Hh signaling is essential for 
specification and organization for all three tissue layers in swimbladder (Winata, 2009), pbx1 is 
dispensable for the specification of epithelial and mesenchymal layers and is only responsible for 
the specification and growth of the outer mesothelial layers of swimbladder (Teoh et al., 2010). It 
has also been reported that the vascular system is not essential for swimbladder budding, but 
plays a critical role in mesenchyme organization and smooth muscle differentiation as well as 
outer mesothelial organization (Winata et al., 2010).  
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Fig. 1-1 Developmental changes in morphology of swimbladder. (R–U) Schematic 
representation of three phases of swimbladder morphogenesis: budding phase (R), growth phase 
(S) and inflation phase (T, U). At, 2 dpf, swimbladder bud evaginates out of the anterior foregut 
epithelium (blue dotted line) at the level of second somite (panel R). By 3 dpf, swimbladder bud 
has elongated, forming a pneumatic duct, and swimbladder epithelium forms a sac-like structure 
surrounded by the mesenchymal tissue (green) and outer mesothelium (red) (panel S). The 
second chamber primordia (arrow) are present at the anterior tip of the main chamber (panels S 
and T). Inflation of the main and posterior chamber occurs at 4–5 dpf (panel T) and inflation of 
the anterior chamber at 20 dpf (panel U).  This figure was adopted from Winata et al., 2009. 
 
1.7 The Wnt signaling 
1.7.1 The discovery of Wnt signaling 
     The first wnt gene, mouse wnt1, originally named Int-1, was identified in 1982. Int-1 encodes 
a secreted protein that is cystein-rich and the gene is a preferential integration site of the Mouse 
Mammary Tumor Virus which induces breast tumors (Nusse and Varmus, 1982). In Drosophila, 
the wingless (wg) gene controls segment polarity gene during larval development and is the fly 
homolog of Wnt1 (Nüsslein-Volhard and Wieschaus, 1980; Rijsewijk et al., 1987).   wg mutant 
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fly embryos develop abnormally with overlying ventral cuticle. In addition, the wg cuticle is 
completely covered with denticles, different from the wild-type cuticle, which possesses 
alternating denticle and naked belts. Similar cuticle abnormalities to wg mutant embryos are 
observed in the porcupine, dishevelled, and armadillo mutant flies. On the contrary, mutations in 
shaggy/zeste-white 3 result in the opposite phenotype with only a naked cuticle. By epistatic 
analysis of cuticle structure in double mutants, these genes were indicated to constitute a new 
signal transduction cascade (Siegfried et al., 1992; Noordermeer et al., 1994; Peifer et al., 1994). 
Subsequently, McMahon and Moon (1989) found that injection of mouse Wnt1 mRNA into 
Xenopus ventral blastomeres of embryos at the 4-cell stage induces a duplication of the body axis. 
This observation suggests that Wnt signaling was shared by vertebrates. Other genes including 
dishevelled (dsh), β-catenin (the vertebrate homolog of armadillo), and a dominant-negative 
version of glycogen synthase kinase 3 (gsk3), the vertebrate homolog of shaggy/zeste-white 3 
have also been shown to be able to induce a second axis (Dominguez et al., 1995; Guger and 
Gumbiner, 1995; He et al., 1995). The connection between the Wnt pathway and cancer 
(Rubinfeld et al., 1993; Su et al., 1993) was revealed following the discovery that β-catenin 
interacts with adenomatous polyposis coli (apc), the latter involved in a hereditary cancer 
syndrome, termed Familial Adenomatous Polyposis (FAP) (Kinzler et al., 1991; Nishisho et al., 
1991).  
1.7.2 The Wnt gene family 
        To date, studies have identified 19 Wnt genes in the genome in the human and mouse, 7 in 
Drosophila, 5 in C. elegans, 24 in Xenopus, and 27 in zebrafish (Nusse 2005; Clevers, 2006). In 
mammalian species, these 19 secreted Wnt proteins are divided into 12 conserved Wnt 
subfamilies, among which, only 6 subfamilies have counterparts in ecdysozoan animals such as 
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Caenorhabditis and Drosophila. In contrast, at least 11 of the Wnt subfamilies are present in the 
genome of a cnidarian (the sea anemone Nematostella vectensis). This finding indicates that 
some Wnt subfamilies were lost during the evolution of the ecdysozoan lineage (Kusserow et al., 
2005). In addition to the 19 Wnt genes that exist in humans, the chicken contains an additional 
Wnt gene, wnt11b, which is orthologous to frog and zebrafish wnt11 (silberblick). Frog and fish 
genomes contain orthologs of the 19 mammalian Wnt genes and wnt11b as well as several 
duplicated Wnt genes.  The Xenopus tropicalis genome contains 24 Wnt genes, which include 
the additional wnt7c and three Wnt duplications wnt3, wnt9b, and wnt11. The zebrafish genome 
contains 27 Wnt genes with additional copies of wnt2, wnt2b, wnt4b, wnt6, wnt7a, and wnt8a. 
Thus, comparative genomic analysis underscores the crucial role that Wnt genes play in organism 
patterning throughout the animal kingdom (Garriock et al., 2007). 
1.7.3 Classification of Wnt signaling and Wnts 
      Traditionally, Wnt signaling is classified into three different pathways, the canonical Wnt/β-
catenin cascade, the planar cell polarity (PCP) pathway, and the Wnt/Ca2+ pathway. The latter 
two are referred to as the non-canonical Wnt pathway since they cannot induce axis duplication 
and are β-catenin independent. Of these three, the canonical pathway is best understood.  
Canonical Wnt signaling elevates the level of cytosolic β-catenin,   which accumulates in the 
cytoplasm and enters the nucleus where it binds the co-factor Tcf/LEF-1 (Behrens et al., 1996; 
Molenaar et al., 1996) to activate the transcription of target genes that are implicated in cell 
growth regulation. Canonical Wnt signaling can induce axis duplication in Xenopus embryos and 
transform epithelial cells (He et al., 1998; Tetsu et al., 1999). The non-canonical Wnt/Ca2+ 
pathway involves the activation of Ca2+-sensitive enzymes such as protein kinase C (Sheldahl et 
al., 1999) and Ca2+-calmodulin kinase II (CaMKII), and thereby affecting cell adhesion and 
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convergent extension (CE) movements (Widelitz 2005). The non-canonical PCP pathway 
involves activation of AP1 through c-Jun N-terminal kinase, thereby regulating cytoskeletal 
organization and epithelial cell polarity (Theisen et al., 1994; Mlodzik 2002).  Besides the above 
mentioned, three additional Wnt cascades have recently been described.  These include the 
atypical receptor tyrosine kinase (RTK) pathway (Oishi et al., 2003) and a pathway involving 
cyclic adenosine monophosphate (cAMP) that activates protein kinase A is important for 
myogenesis (Chen et al., 2005).  
        Based on the classification of Wnt signaling cascades as canonical and non-canonical 
pathways, Wnt ligands are also classified as canonical and non-canonical Wnts, although this is 
not fully accepted.  Canonical Wnts include Wnt1, 2, 2b, 3, 7, 8, 8b, and 8c (Du et al., 1995), 
whereas non-canonical Wnts include Wnt5a, 5b, 11 (Theodosiou and Tabin, 2003). Intriguingly, 
some Wnts function in opposing ways when coupled with different receptors, which make the 
traditional concept about canonical/non-canonical Wnts obsolete. For example, Wnt5a inhibits 
the canonical Wnt signaling pathway when it binds to Ror2 receptor, whereas it activates the 
canonical pathway when associated with Fz4 and Fz5 (He et al., 1997; Mikels and Nusse, 2006). 
Therefore, the terms to canonical or non-canonical seems dependent on the context of the 
specific receptors rather than the Wnt ligands. Tremendous efforts are needed to be made to 
better understand a comprehensive map of the combinations of Wnt ligands and their receptors in 
a cell-specific manner.   
1.7.4 Mechanism of Wnt signaling 
        The complete process for Wnt signaling includes expression, modification and secretion of 
Wnt proteins from a signaling cell, their extracellular distribution, binding with receptors on the 
surface of signal-receiving cells, transduction of signals to cytosolic effectors and activation of 
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the transcription of target genes (reviewed by Clevers 2006; MacDonald et al., 2009). Wnt is 
glycosylated and then lipid modified by Porcupine in the ER, and is escorted by Wls from the 
Golgi to the plasma membrane for secretion. Wls is recycled by endocytosis and trafficked back 
to Golgi by the retromer (Fig 1-2). However, it has been recently shown that Drosophila WntD 
requires neither Porcupine nor Wls for secretion (Ching et al., 2008). The short-range and long-
range signaling by Wnt morphogens require the formation of lipoprotein particles by reggie-
1/flotillin-2, lipoprotein particles, and Dally and Dally-like protein, which are also required for 
the secreted Hedgehog morphogen, which is also lipid modified (Lin, 2004; Katanaev et al., 
2008). Once Wnts reach receiving cells, depending on the availability of the type of receptors, 
one of the Wnt signaling pathways will be activated.  
  
Fig 1-2. Wnt biogenesis and secretion. Adopted from MacDonald et al. (2009). Wnts are 
glycosylated and lipid modified in the ER, which involves Porcupine and are escorted by 
Wntless from the Golgi to the plasma membrane for secretion. Wntless is retrieved from 
endocytic vescicles and brought back to the Golgi by the retromer complex. After secretion 
mature Wnts either bind to HSPGs and lipoprotein particles or form multimers, which can 
modulate Wnt gradients and facilitate long-range Wnt signaling. The numbers of Wnt molecules 
bound to the lipoprotein particle and composed in multimeric form were drawn arbitrarily. 
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Fig. 1-3. Overview of Wnt pathways. Adopted from Zerlin et al. (2008). Schematic 
representation of the branches of the Wnt signaling cascade. The canonical pathway is 
represented in the center where β-catenin occurs in a complex, destined for degradation unless 
Wnt (yellow) or Norrin (red) transduces a signal through frizzled and its co-receptor, LRP, 
resulting in its transport to the nucleus as a cotranscription factor of TCF. Non-canonical 
pathways activate calcium ion influx and NFAT (on the left) or elements of planar cell polarity 
(on the right). LRP, LDL receptor related protein 5/6; G?, unspecified GTP binding protein; 
[Ca2+]i, calcium ion influx; GSK-3, glycogen synthase kinase-3; APC, adenomatous polyposis 
coli; PKC, protein kinase C; CamKII, Ca2+-calmodulin kinase II; NFATc and NFATn, nuclear 
factor of activated T cells in cytoplasm (c) and nucleus (n), respectively; TCF, T cell factor; Rho 
and Rok, Rho A family of small GTPases; JNK, c-jun N-terminal kinase. 
 
        In the case of canonical Wnt pathway, when Wnt is absent, the free cytoplasmic β-catenin 
protein (Fig. 1-3), is trapped by the β-catenin degradation complex, which is composed of the 
scaffolding protein Axin, the tumor suppressor adenomatous polyposis coli (APC), the glycogen 
synthase kinase 3 (GSK3), and the casein kinase 1 (CK1). CK1 and GSK3 sequentially 
phosphorylate the amino terminal region of β-catenin, which is then recognized by b-Trcp, an E3 
ubiquitin ligase subunit, which adds ubiquitin to β-catenin for proteasomal degradation. Without 
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β-catenin in the nucleus, Wnt target genes are repressed by the DNA-bound T cell 
factor/lymphoid enhancer factor (TCF/LEF) family of proteins mediated by Groucho. The 
Wnt/β-catenin pathway is activated when a Wnt ligand binds to the Frizzled (Fz or Fzd) receptor 
and low-density lipoprotein receptor-related protein 5/6 (LRP5/6). This binding recruits 
Dishevelled (Dvl) to the membrane, which then recruit GSK3, CK1, and Axin from the β-catenin 
degradation complex, leading to the decomposing of the β-catenin degradation complex. LRP6 
gets phosphorylated and cytoplasmic β-catenin accumulates and diffuses into the nucleus to form 
complexes with TCF/LEF transcription factors to activate Wnt target gene expression (Clevers 
2006) (Fig. 1-2). The non-canonical pathways like Wnt/Ca2+ and PCP branch off the Wnt/β-
catenin pathway downstream of Dvl, but upstream of β-catenin, thus it is independent of β-
catenin protein (reviewed by Wang and Nathans 2007).  
1.7.5 Wnt proteins 
      Wnts are defined by amino acid sequence rather than by functional properties (Nusse and 
Varmus, 1992; Miller 2002). Wnt proteins are glycoproteins characterized by a number of 
conserved 22 cysteine residues. Wnt proteins are relatively insoluble although they carry an N-
terminal signal peptide. Wnt proteins are lipid modified by the attachment of a palmitate on the 
first conserved cysteine residue within the protein family and on a serine in the middle of the 
protein. This cysteine palmitoylation, which is essential for Wnt function, results in their 
insolubility and is necessary for its N-linked glycosylation (Willert et al., 2003; Takada et al., 
2006).  porcupine and its C. elegans homolog mom-1 is responsible for Wnt palmitoylation (Zhai 
et al., 2004). In Drosophila, wntless (wls) and evenness interrupted (evi) are the genes encoding 
seven-pass transmembrane proteins and are conserved from worms (mom-3) to man (hWLS) 
(Banziger et al.,2006; Bartscherer et al., 2006). The Wntless protein resides mainly in the Golgi 
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apparatus, where it physically interacts with Wnt proteins. In C. elegans, the retromer, a 
multiprotein complex responsible for intracellular trafficking and conserved from yeast to human, 
is also required for Wnt secretion and for the formation of a Wnt gradient (Coudreuse et al., 
2006).  Although Wnt is believed to work as a long-range morphogen (Logan and Nusse, 2004), 
the mechanism that generates the long-range gradients are still unknown. One hypothesis is that 
Wnts may be tethered to intercellular transport vesicles or lipoprotein particles (Panakova et al., 
2005). The other hypothesis is that Wnts may be transported by cytonemes, which are long, thin 
filopodial processes. Additionally, extracellular heparan sulfate proteoglycans (HSPG) are 
reported to play a role in the transport or stabilization of Wnt proteins (Lin, 2004). 
1.7.6 Wnt receptors  
       Two classical types of Wnt receptors have been discovered. One type of receptors are the 
Frizzled (Fz) proteins, which are seven-pass transmembrane, G-protein coupled proteins with an 
extracellular N-terminal cysteine-rich domain (CRD) for binding to Wnt proteins (Bhanot et al., 
1996). To date, Wnt-Fz binding combinations are not fully understood due to the fact that a 
single Wnt can bind to multiple Frizzled proteins (Bhanot et al., 1996) and vice versa, possibly in 
tissue-dependent manners. The other type of Wnt receptors belong to the LRP protein family, 
which encodes single-pass trans-membrane proteins in vertebrates (Pinson et al., 2000; Tamai et 
al., 2000) and Arrow in Drosophila (Wehrli et al., 2000). When bound to Wnt, Fz cooperate with 
LRP co-receptors, and surface expression of both receptors is required to initiate the Wnt signal.   
          Besides the above mentioned two types of classical Wnt receptors, some non-classical Wnt 
receptors have also been reported. Derailed, an unusual Wnt receptor is a transmembrane 
tyrosine kinase receptor from the RYK subfamily. Derailed binds Drosophila Wnt-5 through its 
extracellular WIF (Wnt inhibitory factor) domain. dwnt-5 and derailed mutant embryos show 
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similar aberrant neuronal projections across the midline (Yoshikawa et al., 2003).  On the 
contrary, mammalian Ryk protein, different from its homolog Derailed in Drosophila, contains 
the Wnt inhibitory factor (WIF) module and acts as a co-receptor with Fz proteins and 
Dishevelled to activate Wnt3a signaling (Lu et al., 2004). Another unusual Wnt receptor, the 
tyrosine kinase receptor Ror2, binds Wnt5a with the CRD motif to inhibit the canonical Wnt 
signaling pathway. Paradoxically, Wnt5a can also activate the canonical pathway when 
associated with Fz4 and Fz5 (He et al., 1997; Mikels and Nusse, 2006).  
1.7.7 Non-Wnt agonists of β-catenin/Tcf signaling 
        Unexpectedly, Frizzled/LRP receptors can be activated by other types of proteins which are 
unrelated to Wnts.  One of these is the cysteine-knot protein Norrin, which is mutated in the 
Norrie disease associated with vascular abnormalities in the eye and blindness. Norrin binds with 
Frizzled4 and activates the canonical signaling pathway in an LRP5/6-dependent manner (Xu et 
al., 2004). R-spondins is another type of protein that can activate the canonical Wnt signaling by 
physically interacting with the extracellular domains of LRP6 and Fzd8 (Nam et al., 2006). R-
spondin-2 is a Wnt agonist, synergizing with Wnts to activate β-catenin in Xenopus (Kazanskaya 
et al., 2004). When injected into mice, human R-spondin-1 protein strongly enhances the 
proliferation of intestinal crypt cells, due to the stabilization of β-catenin (Kim et al., 2005).   
1.7.8 Wnt antagonists and inhibitors 
       The extracellular antagonists of Wnt signaling are divided into two functional classes based 
on their targets: sFRPs (Secreted Frizzled-related proteins) and Dkk (Dickkopf). The sFRP class 
including the sFRP family, WIF-1 (Wnt inhibitory factor) and Cerberus bind directly to Wnts to 
inhibit both canonical and non-canonical Wnt pathways (Bovolenta et al., 2008). Members of the 
sFRP family have a CRD domain, which is similar to that on the Fz receptor and WIF-1 with its 
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WIF domain that binds directly to Wnts. WIFs function as extracellular Wnt inhibitors (Logan 
and Nusse, 2004), but they may also promote signaling by Wnt stabilization or by facilitating 
Wnt secretion or transport. The Wnt-binding property implies that sFRPs and WIF may also 
control Wnt stability and distribution extracellularly besides acting as Wnt inhibitors. Some 
sFRPs have been reported to regulate extracellular proteinases in a Wnt-independent pattern 
(Bovolenta et al., 2008). Xenopus Cerberus binds to and inhibits Wnt as well as Nodal and bone 
morphogenetic protein (BMP) (Piccolo et al., 1999). The DKK class of inhibitors includes the 
DKK family and the WISE/SOST family. This class only inhibits the canonical Wnt pathway, 
acting by binding the Wnt co-receptor LRP5/6. DKK proteins are LRP5/6 ligands/antagonists 
and are considered specific inhibitors of Wnt/β-catenin signaling because they induce LRP6 
internalization and degradation through the transmembrane Kremen (Krm) proteins (Mao et al., 
2002). Krm proteins play a minor modulatory role in specific tissues (Ellwanger et al., 2008). 
Wise and the WISE family member SOST can disrupt the Wnt-induced Fz-LRP6 complex in 
vitro (Itasaki et al., 2003; Semenov et al., 2005). Both DKK1 and WISE/SOST are implicated in 
human diseases. Shisa proteins are also considered Wnt antagonists because they trap Fz proteins 
in the ER. Therefore, Fz proteins cannot reach the cell surface and thus Wnt signaling is 
inhibited cell autonomously (Yamamoto et al., 2005). Shisa proteins also inhibit fibroblast 
growth factor (FGF) signaling by trapping FGF receptors in the ER. Finally, insulin-like growth-
factor (IGF) binding protein-4 (IGFBP-4) antagonizes Wnt signaling by binding to both LRP6 
and Fz receptors (Zhu et al., 2008). 
1.7.9 Wnt target genes 
        Numerous Wnt/Tcf target genes have been identified in various biological models. Since 
Wnt/β-catenin signaling regulates a diversity of biological processes such as stem cell 
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pluripotency, tumorigenesis, cell fate specification and differentiation and adult tissue 
homeostasis, Wnt target genes are very diverse (Vlad et al., 2008) and in most cases are cell and 
context specific (Logan and Nusse, 2004). At least 300-400 Wnt target genes have been found 
highly expressed in colon cancers due to aberrant Wnt signaling (Barker and Clevers, 2006). 
Basically, Wnt target genes can be classified into two types according to their origins: Wnt 
components and non-Wnt components. Wnt component targets, including Axin2, Fz, LRP6, 
TCF/LEF, DKK1, Rspo, and Naked (a Dvl antagonist), are often regulated negatively or 
positively by β-catenin/Tcf (Kazanskaya et al., 2004; Chamorro et al., 2005; Khan et al., 2007). 
On one hand, Wnt signaling can be auto-regulated by a negative feedback loop by induction of 
Axin2, DKK1, and Naked and suppression of Fz and LRP6 (Logan and Nusse, 2004). On the 
other hand, the auto-regulation of Wnt signaling is achieved by Wnt induction of Rspo and TCF/ 
LEF genes to form a positive feed forward circuit, a mechanism that has been found in colon 
carcinogenesis (Hoppler and Kavanagh, 2007). The different Wnt self-regulatory loops are 
usually executed in a cell-specific manner. The non-Wnt component target genes constitute a 
large number of genes such as shh, sox2 and tbx2. A comprehensive and updated collection of β-
catenin/TCF target genes can be found at the Wnt homepage 
(http://www.stanford.edu/~rnusse/wntwindow.html). Although the majority of Wnt target genes 
seem to be cell-type and context specific, such as cMyc and Cyclin D1, whether or not 
“universal” target genes exist is not known. Although axin2 and Dnaked are ‘‘universal’’ target 
genes (Jho et al., 2002; Logan and Nusse, 2004), it would be desirable to identify more 
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1.7.10 Wnt signaling in lung development 
       Many Wnts have been reported to be expressed in primary lung tissue and lung cell lines, 
including Wnt3, 4, 5a, 7a, 7b, 10b, and 11(Winn et al., 2005). Wnt signaling is essential for stem 
cell maintenance and self-renewal (Reguart et al., 2005). Although APC or β-catenin mutations 
are rarely found in non-small-cell lung cancer (NSCLC), they are associated with more than 80% 
of colorectal cancers (Sparks et al., 1998). Some findings suggest a role for the Wnt pathway in 
lung tumorigenesis. Wnt1 and wnt2 are overexpressed in NSCLC (He et al., 2004; You et al., 
2004), similar to that seen with Dvl proteins (Uematsu et al., 2003). The Wnt signaling 
antagonist genes, wif1 and sfrp1, are silenced by promoter methylation in NSCLC and inhibit 
cell growth both in vivo and in vitro (Mazieres et al., 2004; Fukui et al., 2005). Other Wnt 
pathway antagonists like ctnnbip1 and wisp2 are underexpressed, whereas Wnt pathway agonists, 
lef1 and ruvb1l, are overexpressed in NSCLC (Dehan et al., 2007).  
    Wnt signaling has been reported to play critical roles in mammalian lung development 
(reviewed by MacDonald et al., 2009). Early studies, however, have shown that Wnt signaling 
only plays minor roles in lung development, such as regulating lung epithelium and mesenchyme 
proliferation. Whereas loss of β-catenin or overexpression of the Wnt inhibitor Dkk1 in lung 
epithelium after lung specification inhibits distal airway epithelial development and a global 
proximalization (Mucenski et al., 2003), mesenchymal-specific inhibition of β-catenin results in 
reduced mesenchymal proliferation (De Langhe et al., 2008; Yin et al., 2008). The epithelial-
specific loss of wnt7b in lung functions to abrogate distal lung bud formation and perturb 
branching morphogenesis (Shu et al., 2005). Wnt7b is also required for lung smooth muscle 
differentiation (Shu et al., 2002) and mesenchymal proliferation (Rajagopal et al., 2008). 
Inactivation of the non-canonical wnt5a (Topol et al., 2003) leads to thickening of the 
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mesenchyme and excessive branching of the epithelial airway (Li et al., 2002). Wnt11 is 
expressed in the mouse lung, but its function is still not clear (Lako et al., 1998). Recently, it has 
been shown that Wnt signaling is required not only for lung growth, but also for lung endoderm 
specification and progenitor fate decision (Goss et al., 2009). Wnt2/2b double knock-out led to 
complete mouse lung agenesis due to the loss of endodermal progenitor specification. The 
knock-out did not affect other endoderm-derived organs such as thyroid, liver, and pancreas. 
Furthermore, activation of Wnt/β-catenin signaling led to the reprogramming of the esophagus 
and stomach endoderm to a lung progenitor fate (Goss et al., 2009). Besides Wnt ligands, other 
Wnt pathway members such as Frizzled receptors (Logan and Nusse, 2004), Lef1/Tcf3 
transcription factors (Li et al., 2002) and antagonist Dkk1 (Shu et al., 2005) also play pivotal 
roles in mouse lung development.  
1.7.11 Wnt signaling in Xenopus lung development 
        Compared to the extensive molecular data in mammalian lung development (reviewed by 
Cadoso and Lu 2006; MacDonald et al., 2009), molecular studies in Xenopus lung development 
are scarce. By analysis of gene synteny to identify the orthologues of all 19 human Wnt genes, 
researchers found that frog and fish genomes contain orthologs of the 19 mammalian Wnt genes, 
plus wnt11b and several other duplicated genes. Specifically, the X. tropicalis genome contains 
24 Wnt genes, including additional copies of Wnt7-related genes wnt7c and three Wnt 
duplications wnt3, wnt9b, and wnt11 (Garriock et al., 2007). Although Wnt signaling has been 
reported to be important for the development of the embryonic axis (Tao et al., 2005), kidney 
(Saulnier et al., 2002), heart (Schneider et al., 2001; Pandur et al., 2001; Brott and Sokol 2005), 
neural crest (Hassler et al., 2007), eye (Maurus et al., 2005; Agathocleous et al., 2009) and 
regeneration (Sugiura et al., 2009), its function in lung development has not been explored. From 
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a large- scale WISH screening, it was reported that wnt9a is expressed in the lung primordium 
from stage 37 and persists in the lung bud through stage 40 (Garriock et al., 2007). Later on, 
from our current study, several genes including wnt5a, wnt7b, wif1 and shh were discovered as 
markers that are expressed in different layers of lung during the early developmental stages in 
Xenopus laevis (Yin et al., 2010).  
1.7.12 Wnt signaling in Zebrafish 
       Wnt signaling has been implicated in diverse developmental processes in zebrafish including 
development of brain (Kim et al., 2009; McFarland et al., 2008; Buckles et al., 2004), nervous 
system (Fekany et al., 2000; Lewis et al., 2004), eye (van de Water et al., 2001; Cavodeassi et al., 
2005), limb (Mercader et al., 2006), heart (Ueno et al., 2007), tail (Thorpe et al., 2005), intestine 
(Faro et al., 2009; Cheesman et al., 2010), pancreas (Verzi and Shivdasani, 2008; Kim et al., 
2005), liver (Goessling et al., 2008; Shackel 2007), and fin regeneration (Stoick-Cooper et al., 
2007) as well as in establishing the body plan (Nambiar and Henion, 2004). Compared to the 
study of Wnt signaling in other organs, no study has been carried out on swimbladder 
development. Our current study represents the first effort to explore the role of Wnt signaling in 
swimbladder development in zebrafish. 
1.8 Objectives of the study 
        Lung development is an important issue not only for developmental and evolutionary 
biology, but also for the study of the human respiratory system. On one hand, formation of the 
lung is an important landmark in animal evolution history, which enables animals to shift life 
from water to land. On the other hand, revealing the mechanisms that lead to defects in lung 
development will provide valuable information on many kinds of fatal prenatal and postnatal 
diseases in humans.   
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The homology between the lung and swimbladder are supported by their common 
morphological origin and blood supply from the 6th branchial artery, but molecular evidence is 
largely missing. It seems that the critical difference in the development of the lung and 
swimbladder is the branching morphogenesis in the former. It is not known what kinds of genes 
are essential for lung branching morphogenesis, or if they are silenced in swimbladder 
development. Therefore, extensive genetic and molecular comparisons are expected to elucidate 
whether or not swimbladder and lung share the same evolutionary origin. Such molecular 
evidence will provide more insight into the evolution of the lung and swimbladder. 
As an amphibian, Xenopus occupies an intermediate position between fish and mammals. 
Investigation into the development of the Xenopus lung, which is a simple bilateral, spindle 
shaped organ lacking complicated branching morphogenesis, could help to explain the 
evolutionary transition from the fish swimbladder to mammalian lung. Compared to the 
extensive information on mammalian lung development, molecular events detailing the 
development of the Xenopus lung or zebrafish swimbladder are rare. Besides the functions of Hh 
signaling in zebrafish swimbladder development, the Wnt signaling pathway, which has been 
investigated extensively in mammalian lung development, has not been studied in Xenopus lung 
or zebrafish swimbladder development. Therefore, an exploration of the role of Wnt signaling in 
the development of Xenopus lung and zebrafish swimbladder will shed light not only on the 
molecular mechanisms in their development, but also on the evolutionary link between the 
tetrapod lung and its fish counterpart, swimbladder.   
This thesis consists of two parts, one on the molecular events in Xenopus lung development, 
and the other on zebrafish swimbladder development. The main objectives of this study are:  
z Description of early lung development in Xenopus laevis. 
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z Demonstration of involvement of Wnt signaling in Xenopus lung development. 
z Demonstration of involvement of Wnt signaling in zebrafish swimbladder development. 
z Functional studies to elucidate the roles of Wnt signaling in the early development of 
zebrafish swimbladder. 
z Investigation of the potential crosstalk of Wnt, Hh and Tbx signaling in the context of 
zebrafish swimbladder development.  
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2.1 DNA applications  
2.1.1 DNA preparation and purification 
2.1.1.1 Isolation and purification of plasmid DNA 
Small-scale preparation of plasmid DNA was carried out using Wizard Miniprep kit 
(Promega, USA), with the processing of alkaline lysis followed by the binding of plasmid DNA 
to a positive charged silica-based resin. DNA was then re-dissolved and eluted in low salt buffer 
or water. Normally, around 10 µg of plasmid DNA can be isolated from 5 ml of overnight 
bacteria culture in Luria-Bertani (LB) medium. 
Firstly, the bacteria in LB liquid medium with appropriate antibiotics were harvested by 
centrifugation at 5,000 rpm for 3 minute using the 5417C centrifuge (Eppendorf, Germany). The 
bacterial pellet was then re-suspended in 250 µl Cell Resuspension Solution (100 mg/ml RNAse 
A; 10 mM EDTA; 25 mM Tris-HCl, pH 7.5). 250 µl of Cell Lysis Solution (0.2 M NaOH; 1% 
SDS) and 10 µl of alkaline protease solution was added to the bacterial suspension and mixed by 
gently inverting the tube for several times.  
After 5 min incubation at room temperature, this mixture was then neutralized by adding 
350 µl of Neutralization Buffer (1.32 M KOAc, pH 4.8). After being centrifuged in a 
microcentrifuge tube at 14,000 rpm for 10 minutes, the supernatant was transferred into a fresh 
mini-column provided in kit and was centrifuged at 14,000 rpm for 1 min. The flow-through was 
discarded. After adding 750 µl Column Wash Solution (200 mM NaCl; 5 mM EDTA; 20 mM 
Tris-HCl, pH 7.5; 75% EtOH), the minicolumn was centrifuged at 14,000 rpm for 1 minute. 
Then the flow-through was discarded again and 250 µl Column Wash Solution was added. The 
minicolumn was centrifuged at 14,000 rpm for 2 minutes. Then the minicolumn was transferred 
to a new microcentrifuge tube. To elute plasmid DNA, 50 µl water was added into the 
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minicolumn and incubated for 2 minutes at room temperature, followed by centrifugation at 
14,000 rpm for 1 minute. 
2.1.1.2 Recovery of DNA fragments from agarose gel 
QIAquick Gel Extraction Kit (QIAGEN, USA) was used to recover or purify DNA 
fragments ranging from 100 bp to 10 kb from agarose gel according to manufacturer’s 
instruction. The DNA fragment could be PCR products, plasmids or DNA after restriction 
enzyme digestion. Briefly, the gel slice containing the DNA band of interest was cut from the gel 
and transferred into Buffer (3 ml for every g of gel slice), melted at 50 °C for 10 minutes and 
then loaded into a QIAquick spin column. The column was centrifuged at 14,000 rpm for 1 
minute, washed by adding 0.75 ml of Buffer PE, and spun again. The residual Buffer PE was 
removed by spinning at 14,000 rpm for another 1 minute. Then 30 µl of H2O was added to the 
column and incubated at room temperature for 2 minute. DNA fragment was eluted into a 1.5-ml 
centrifuge tube by centrifugation at 14,000 rpm for 1 minute.  
2.1.2 Recombinant DNA  
2.1.2.1 Restriction endonuclease digestion of DNA 
Restriction enzyme digestion was used to screen recombinant clones and release specific 
DNA fragments, which is the first step for DNA cloning and mapping. All the restriction 
enzymes used in the study were purchased from New England Biolabs or Promega (USA). All 
digestions were performed at 37 °C or 25°C for 2 hours, with proper restriction buffers 
respectively. Normally 3 units of enzymes were used to digest 1 µg of plasmid DNA.   
2.1.2.2 DNA electrophoresis 
Typical DNA electrophoresis was performed in 1% agarose gel unless particular 
requirements were indicated. The agarose powder was melt in 1XTAE (0.04 M Trisacetate; 
38 
 
                                                                                                                                           Chapter II 
0.001 M EDTA) by heating. After the solution was cooled to 60 °C, ethidium bromide was 
added to a final concentration of 0.5 ug/ml before the agarose gel was casted. DNA samples were 
mixed with loading dye and loaded to the wells of the gel submerged in 1XTAE. Voltage of 1-5 
v/cm was applied during the electrophoresis. The recovery of the DNA were performed as 
described in section  
2.1.2.3 Quantification of DNA by spectrophotometry  
DNA was quantified by optical density reading at 260 nm and 280 nm using UV-1601 
spectrophotometer (Shimadzu, Japan). One unit of OD260 is equivalent to 50 µg/ml of DNA.   
2.1.2.4 Ligation  
DNA ligation reaction was carried out typically in 20 µl of volume, containing 2 µl of 10X 
ligation buffer (0.3 M Tris-HCl, pH 7.8; 0.1 M MgCl2; 0.1 M DTT and 5 mM ATP), insert DNA, 
vector DNA and 1 unit T4 DNA ligase. The molar ratio of insert-to-vector DNA was usually 3:1 
or 4:1. Ligation reaction was incubated at 4 °C overnight or 16°C for 4 hours.  
2.1.2.5 Transformation 
2.1.2.5.1 Preparation of competent cells 
For successful cloning, normally the competent cells should be well prepared with a high 
efficiency of transformation (>107 colonies/1µg of superchip plasmid). For the preparation of 
competent bacteria cells, 2 ml of LB broth was incubated with a single fresh colony of 
Escherichia coli strain DH5α at 37°C with 250 rpm shaking overnight. In the following morning, 
0.5 ml of the culture was re-inoculated into a 250 ml flask containing 50 ml of LB broth and 
shaken at 250 rpm at 37 °C until OD600 reached around 0.5. The culture was chilled on ice for 
15 minutes after being transferred into 50 ml Falcon 2070 tubes. Cells were pelleted by 
centrifugation at 1,000 g at 4 °C for 15 minutes. The cell pellets were drained thoroughly and 
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resuspended in RF1 (100 mM RbCl; 50 mM MnCl2; 30 mM Potassium acetate; 10 mM CaCl2 
and 15% glycerol) with 1/3 volume of the original bacteria culture. After incubation on ice for 15 
minutes, the cells were spun down and resuspended in 1/12.5 of the original volume of RF2 (10 
mM MOPS; 10 mM RbCl; 75 mM CaCl2; 15% glycerol). After another 15 minute-incubation on 
ice, the competent cells were transferred into 1.5-ml microcentrifuge tubes in aliquot (100 µl) 
and fast-frozen in liquid nitrogen. These aliquots can be stored at -80 °C for several months. 
2.1.2.5.2 Transformation 
The aliquotted competent cells were thawed on ice and the 2 µl out of 10 ul of ligation 
reaction was added and mixed by gentle pipetting. This mixture was then incubated on ice for 30 
minutes. After being heated at 42 °C for 90 seconds, the tube was cooled immediately on ice for 
2 minutes. 900 µl of LB medium was then added into the mixture. After being incubated at 37 °C 
for 45 minutes with shaking at 200 rpm, 1/10 and 9/10 of the transformation reaction mixture 
was spread onto two separate LB plates supplemented with appropriate antibiotics in order to 
produce proper density of transformant colonies. The plates were incubated at 37 °C overnight.  
2.1.2.6 Colony screening 
To detect trace amount of specific DNA molecules, PCR is the simple, fast and sensitive 
way. Thus, PCR was applied to screen for correct recombinant DNA directly using the bacteria 
colonies, as DNA was effectively released from bacteria cells under the repeated high 
temperature during PCR. One primer from the vector and another primer from the insert would 
determine the presence and orientation of insert by a PCR reaction. For PCR screening, colonies 
to be examined were marked in numerical order. A toothpick was used to touch the colony and 
the attached bacteria were spread to the bottom of a PCR tube, which was preloaded with 30 µl 
of PCR mixture, containing 0.6 units of Taq DNA polymerase, 3 µl of 10X PCR buffer, 1.5 µl of 
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2 mM dNTP mix and 0.3 µg of each sense and antisense primers. PCR program includes initial 
denaturation at 94 °C for 5 minutes, followed by 30 cycles of denaturation at 94 °C for 30 
seconds, annealing at 50 °C for 45 seconds and elongation at 72 °C for 2 minutes. PCR product 
was examined in 1-1.5% agarose gel. Colonies that yielded PCR products with expected size 
were inoculated for plasmid DNA preparation. 
2.1.3 Polymerase chain reaction (PCR) 
2.1.3.1 Standard PCR 
Standard PCR was performed in a 50 µl reaction using the Perkin Elmer DNA thermal 
cycler Model 480 or 9600 (Perkin Elmer, USA). Each reaction included 5 µl of 10X PCR buffer 
(0.5 M KCl; 0.1 M Tris-HCl, pH 8.8; 15 mM MgCl2; 1% Triton X-100), 2.5 µl of 2 mM dNTP, 
0.5 µl of 0.2 ug/µl sense primer, 0.5 µl of 0.2 ug/µl antisense primer, 0.2 µl of 5 U/µl Taq 
polymerase and 1 µl template DNA. A typical program was as follows: denaturation at 94 °C for 
3 minutes for 1 cycle, followed by 35 cycles of [denaturing at 94 °C for 30 seconds, annealing at 
60 °C for 1 minute and extending at 72 °C for certain minutes based on 1 min/kb] and final 
extension at 72 °C for 10 minutes.  
2.1.3.2 Reverse transcription PCR (RT-PCR) 
RT-PCR includes both cDNA synthesis and a standard PCR for desired DNA product. 
cDNA synthesis was performed as described in section 2.1.1.2. PCR reaction was carried out 
using the standard condition described in section 2.1.3.1. Alternatively, Qiagen® OneStep RT-
PCR kit (Qiagen, USA) was applied to perform one step reaction by performing cDNA synthesis 
and following PCR together in one PCR tube using the following program: cDNA synthesis at 
50°C for 30 mins; denaturation at 94°C for 15 min for 1 cycle followed by 25-35 cycles of [94°C 
for 45 sec, 60°C for 45 sec and 72°C for 1 min] and final extension at 72°C for 10 mins. The 
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annealing temperature and extension time were adjusted according to the primer design and the 
length of the final PCR products. 
Table 2-1. Primers used in X. tropicalis promoter analysis 
gene primer purpose Sequence (5’>3’) 
b-actin bactinXtF1 RT-PCR agtgctgctgacagaagcac 
b-actin bactinXtR1 RT-PCR aggtggacagggaagccaag 
MGC75752 MGC75752XtF1 RT-PCR aacactttgccaagtccagc 
MGC75752 MGC75752XtR1 RT-PCR tgcagatagcaagcaaatcac 
MGC89305 MGC89305XtF1 RT-PCR aagcagacgacaaggaatgg 
MGC89305 MGC89305XtR1 RT-PCR tagcgaagttacccaaggtg 
odc ODCXtF1 RT-PCR atgacagcaaagccatcgtg 
odc ODCXtR1 RT-PCR tcttgtcattggcagcatcc 
sftpc SFTPCXtF1 RT-PCR tgcttgtccttgttggagtc 
sftpc SFTPCXtR1 RT-PCR tgttcatccattggtgtgag 
sftpc SftpcPXtF1 promoter acagagtctagaaacagccaatgcactgtaac 
sftpc SftpcPxtR1 promoter acagagactagtgaggacagctttgctctgg 
sftpb SPBXtF1 RT-PCR tcaatgtggagcagtggatc 
sftpb SPBXtR1 RT-PCR acttgcacatccagcacatg 
sftpd SPDXtF1 RT-PCR tgctgcactataacactgtag 
sftpd SPDXtR1 RT-PCR tctatgtcaccaatggtgaag 
MGC76278 MGC76278XtF1 RT-PCR acccatacgcacatctacc 
MGC76278 MGC76278XtR1 RT-PCR aaggctctggatgttggtac 
MGC69486 MGC69486XtF1 RT-PCR tggtggcttaatggatcaag 
MGC69486 MGC69486XtR1 RT-PCR acaacccagcttcaatgtgg 
foxe1 Foxe1XtF1 RT-PCR ttccagctcctgcaactatg 
foxe1 Foxe1XtR1 RT-PCR cagctaagggtgtaatcagc 
MGC75752 MGC75752XtF1 RT-PCR aacactttgccaagtccagc 
MGC75752 MGC75752XtR1 RT-PCR tgcagatagcaagcaaatcac 
MGC89305 MGC89305XtF1 RT-PCR aagcagacgacaaggaatgg 
MGC89305 MGC89305XtR1 RT-PCR tagcgaagttacccaaggtg 
MGC186587 MGC186587XtF1 RT-PCR atggtggaacagttcgtgg 
MGC186587 MGC186587XtR1 RT-PCR agtcatgggctgcatatatttattg 
IM7017690 IM7017690XtF1 RT-PCR acacaggtagtttaggcagg 
IM7017690 IM7017690XtR1 RT-PCR tcctcccacttgtcactgtc 
IM7017745 IM7017745XtF1 RT-PCR  atggtggaaagggtatctgc 
IM7017745 IM7017745XtR1 RT-PCR agggcattaggcaggtaac 
TTpA004p02 TTpA004p02XtF1 RT-PCR tgccatcccatatgttatgag 
TTpA004p02 TTpA004p02XtR1 RT-PCR tacagaatgccaagcaatagg 
cystatinF cystatinFXtF1 RT-PCR aggagctggaggttcagaag 
cystatinF cystatinFXtR1 RT-PCR ttgctctaatgtagagacagc 
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mogat2 mogat2XtF1 RT-PCR actggattctcccgtctcttc 
mogat2 mogat2XtR1 RT-PCR acctgagggttttgtggctg 
inha inhaXtF1 RT-PCR ttggacgtggctacagagg 
inha inhaXtR1 RT-PCR tccattctccgaaaggcaac 
vraf vrafXtF1 RT-PCR tgggatcgtgctgtttgagc 
vraf vrafXtR1 RT-PCR tcctgcgatagacggaac 
appl2 applXtF1 RT-PCR agttgctgatgaagggctac 
appl2 applXtR1 RT-PCR agatgctcactaaatccatgc 
LOC100125126 LOC100125126XtF1 RT-PCR tctcaccatcaccttggcag 
LOC100125126 LOC100125126XtR1 RT-PCR atcccttcccagagaggttc 
LOC594890 LOC594890XtF1 RT-PCR actggagtcactcagtgtac 
LOC594890 LOC594890XtR1 RT-PCR agtgtcaaagcagtgcccag 
MGC145518 MGC145518XtF1 RT-PCR atccgttggtaacagagtgg 
MGC145518 MGC145518XtR1 RT-PCR ttggatgttccctcatttgg 
LOC549510 LOC549510XtF1 RT-PCR aggtgtggacatagtgaagc 
LOC549510 LOC549510XtR1 RT-PCR atggagctgagacatctgac 
 
Table 2-2. Primers used in RT-PCR for probes in X. laevis 
Gene  Primer  Sequence  
shh shhXlF1 aggttgatcttgaggaggac 
shh shhXlR1 tctggtctggaggagaaatg 
nkx2.1 nkx2.1XlF1 agttctcttctcccaggctc 
nkx2.1 nkx2.1XlR1 agttccacaaattgaggggttac 
sftpc SftpcxlF1 tgtctctgcaagagggaacc 
sftpc SftpcXlR1 tgctctgagtggtggatcag 
bhha bhhaXlF1 tgcagttgcccaaggttgtg 
bhha bhhaXlR1 acggtgtgggtcttgagtc 
wnt5a wnt5aXlF1 aggagggcagtaagtaccttg 
wnt5a wnt5aXlR1 agacagaatggaaccaacgtg 
wnt7b wnt7bXlF1 aaggggcacaaatgggaatc 
wnt7b wnt7bXlR1 agtgtgcaaaatgacgccac 
annexinA5 annexinA5Xlf1 ttgggaacccgcagcatttc 
annexinA5 annexinA5Xlr1 cagatcctgatcgtgagacc 
acta2 acta2Xlf1 ctggtatcgtacttgactctgg 
acta2 acta2Xlr1 tggagcacactcacagttatagg 
wif1 wif1xlF1 tgccacgatgtatgaatggtg 
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Table 2-3. Primers used in zebrafish 
Gene Primer Purpose Sequence 
wif1 wif1zf5CDS 
 
Probe and mRNA cttaagccaaccaaaggatggctttcag 
wif1 wif1zf3CDS Probe and mRNA  ctcgaggtgtaggctaatggaagtcacac 
wif1 Wif1zfe3R1 Analyze morpholino gctttgtgaggcactgatcc 
has2 has2 zfF1 probe cctggaggactggtatgatc 
has2 has2 zfR1 probe cacacaatgctaacacaaccac 
hprt1l hprt1l zfF1 probe gaagcagcacagaatcaggc 
hprt1l hprt1l zfR1 probe ctcgttcgcaccaagtgtg 
elovl1a elovl1a zfF1 probe cttgctgggatacgtcttctc 
elovl1a elovl1azfR1 probe gatgctgtcaggtgtcagag 
fz2 fzd2zfF1 probe tcctgtcactcacttggttcc 
fz2 fzd2zfR1 probe cagagcaaatgagagagagtgg 
fz3 fzd3zfF1 probe ctgctgacggtcattggatg 
fz3 fzd3zfR1 probe agaccccagacttctgttgg 
fz8c fzd8cZFf1 probe cttcaccaccttctggatag 
fz8c fzd8cZFr1 probe gatgagggtgctgatttgtg 
axin2 axin2ZFe10F1 Real-time PCR ggacacttcaaggaacaactac 
axin2 axin2ZFe11R1 Real-time PCR cctcatacattggcagaactg 
cmyc cmycZFe2F1 Real-time PCR taacagctccagcagcagtg 
cmyc cmycZFe3R1 Real-time PCR gcttcaaaactaggggactg 
cyclinD1 cyclinD1zfE3f3 Real-time PCR gccaaactgcctatacatcag 
cyclinD1 cyclinD1zfE4r3 Real-time PCR tgtcggtgcttttcaggtac 
lef1 lef1ZFe9F1 Real-time PCR gagggaaaagatccaggaac 
lef1 lef1ZFe11R1 Real-time PCR aggttgagaagtctagcagg 
 
2.1.3.3 Quantitative real-time PCR 
        Qiagen RNeasy midi-kit (Valencia, California, United States) was used with on-column 
DNase step to prepare total RNA from each cell line. Then 1 µg of total RNA was converted to 
cDNA using random hexamer priming (Thermoscript RT-PCR System; Invitrogen). Quantitative 
real-time PCR analysis was performed in a Roche LightCycler 2.0 using LightCycler FastStart 
DNA MasterPLUS SYBR Green I kit (Roche) with 0.5 µl of prepared cDNA and 0.5 µM 
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forward and reverse primers per reaction. The primers for real-time PCR were designed using 
LightCycler Probe Design Software 2.0. Following 45 cycles of amplification, gene expression 
in each sample was normalized to β- actin expression following primer efficiency analysis. 
Reactions were performed in triplicate at least two times. 
2.1.3.4 Purification of PCR products 
Suitable PCR products were directly purified from the PCR mix. The purified products 
were used for various applications including cloning and ligation. QIAquick PCR purification kit 
was used to purify the PCR product. To begin with, 5X volume of Buffer PB was added to 1X 
volume of PCR sample. QIAquick spin column was placed in a collection tube. The buffer and 
PCR sample mix were placed in the spin column and centrifuged for 1 minute. The flow through 
was discarded. 0.75 ml of Buffer PE was added to the spin column and centrifuged for 1 minute. 
The flow through was discarded and centrifuged for additional 1 minute. The purified PCR 
product was then eluted with 20-30 µl of sterile water or TE buffer by incubating for 1 minute 
and centrifuging for 1 minute. The purified DNA was stored at –20ºC until further use. 
2.1.3.5 PCR product sub-cloning 
The recovered PCR products were cloned into the pGEM＠ T Easy (Fig. 2-2) or pDrive 
vector system (Promega, USA) (Fig. 2-3). The pGEM＠ T Easy vector was prepared by cutting 
vector with EcoRV and adding a 3’ terminal thymidine to both ends by the manufacturer. These 
single 3’-T overhangs at the insertion site greatly improved the efficiency of ligation of PCR 
products into the plasmid because the Taq DNA polymerase generated a 3’ adenine overhang in 
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2.1.4 DNA sequencing reaction 
Automated sequencing reactions were carried out using the ABI PRISM™BigDye™ 
Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, USA). The kit contained a 
sequencing enzyme AmpliTaq® DNA polymerase called FS and a set of dye labeled terminators 
for fluorescent cycle sequencing of lager fragments with high accuracy. Each sequencing 
reaction (20 µl ) contained 8 µl  of Terminator Ready Reaction Mix, 200-500 ng of double strand 
DNA, and 1 µl  of primer (0.2 µg/µl ). PCR was performed on the GeneAmp PCR System 9600 
(Perkin Elmer, USA) with 25 cycles of 96°C/10 seconds, 50°C/5 seconds and 60°C/4 minutes, 
and finally hold at 4°C.  
2.1.5 DNA vectors  
2.1.5.1 pGEM®-T Easy  
The pGEM®-T Easy Vector (Promega) is a convenient system for cloning of PCR products. 
The pGEM® -T Easy Vector has been linearized with EcoRV and a thymidine (T) added to both 
3' -ends, facilitating the ligation of PCR products. In addition, the system with the convenient 
EcoRI and NotI restriction enzyme sites flanking the insertion site, providing the options for 


























   
 
 Fig. 2-1 pGEM-T Easy vector map (reproduced from www.promega.com) .2 pEGFP-1 
pEGFP-1 (Clontech) encodes a red-shifted variant of wild-type green fluorescent protein 
 which has been optimized for brighter fluorescence and higher expression in mammalian 
. It is a promoterless vector that can be used to monitor transcription from different 
oters and promoter/enhancer combinations inserted into the multiple cloning sites (MCS). It 
be used as an in vivo reporter of gene expression. Without the addition of a functional 
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Fig. 2-2 pEGFP-1 vector map (reproduced from www.clontech.com) 
 
2.2. RNA applications 
2.2.1 Isolation of total RNA 
2.2.1.1 Isolation of total RNA from zebrafish embryos 
Total RNA was isolated from dechorionated zebrafish embryos using RNeasy® mini kit 
(Qiagen, Germany). Samples were first lysed and homogenized in denaturing guanidine 
isothiocyanate (GITC) containing buffer which inactivates RNases and thus ensures isolation of 
intact RNA. Ethanol was added to the lysate to provide appropriate binding condition and then 
applied to RNeasy mini column for further purification. The zebrafish embryos were collected at 
desired stages and placed in 1.5 ml Eppendorf tube. Excess liquid was siphoned out from the 
tube. 350 µl of RLT buffer was added into the tube and the embryos were homogenized. The 
lysate was then spun down at 14,000 rpm, RT, for 3 mins. The supernatant was decanted into a 
sterile 1.5 ml Eppendorf tube. 350 µl of 70% ethanol was added into the clear lysate and mixed 
well. This mixture was transferred to an RNeasy mini spin column sitting in a 2- ml collection 
tube. The column was then spun at 10,000 rpm for 15 sec. The flow through was discarded. 350 
µl of RW1 buffer was pipetted into the RNeasy column to wash, the column was centrifuged at 
10,000 rpm for 15 sec. The flow through was discarded. 80 µl of RNase-free DNAse (Qiagen, 
Germany) incubation mix was then added directly onto the RNeasy silica-gel membrane and 
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allowed to stand at room temperature for 15 mins. Then, another 350 µl RW1 buffer was added 
into the RNeasy column and spun down at 10,000 rpm for 15 sec. The flow through was 
discarded. 500 µl of RPE buffer was pipetted on the column and spun down at 10,000 rpm for 15 
sec. The flow through was discarded and the washing step was repeated with another 500 µl of 
RPE buffer. The column was then spun at 10,000 rpm and for 2 mins and the flow through 
discarded. The column was then spun down for an additional 1 min to remove any residual trace 
of ethanol. Column was then transferred to a sterile 1.5 ml Eppendorf tube. Total RNA was 
eluted by the addition of 40 µl of RNase-free water onto the RNeasy membrane and spun for 2 
mins. The RNA was then quantified by optical density reading using the spectrophotometer (UV-
1601, Shimadzu, Japan). 
2.2.1.2 Measurement of RNA concentration 
RNA was quantified by optical density reading at 260 nm and 280 nm using UV- 1601 
spectrophotometer (Shimadzu, Japan). One unit of OD260 is equivalent to 40 ug/ml of RNA, 
OD260:OD280 ratios >2.0 indicate good quality of RNA products.  
2.2.1.3 RNA gel electrophoresis 
10 µg of total RNA was fractionated on 1.2% denaturing agarose gel (1.2% agarose; 1X 
MOPS; 6% formaldehyde). Each RNA sample contained 50% formamide; 1X MOPS; 7% 
formaldehyde; 0.1 mg/ml ethidium bromide; and was heated at 65°C for 10 minutes before 
loading with loading buffer (1X=0.4% bromophenol blue; 6% sucrose in water). The gel was run 
at 80 volts in running buffer containing 1X MOPS and 3% formaldehyde until the dye near the 
end. After electrophoresis, the gel was rinsed in distilled water and a picture was taken with a 
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2.2.1.4 cDNA synthesis 
cDNA synthesis reaction was performed in 30 µl of total volume containing 3 µl of 10X 
first-strand buffer (50 mM Tris-HCl, pH8.3; 75 mM KCl; 3 mM MgCl2 and 10 mM DTT), 3 µl 
of 10 mM dNTP, 1 µl of RNAse inhibitor (40 U/ul), 3 µl of oligo dT primer (1 µg/µl), 5 µg of 
total RNA and 1 µl of CMV reverse transcriptase (50 U/µl). After incubating at 37 °C for 1.5 
hours, the reaction was either used as template for PCR immediately or stored at - 80 °C for 
further use. 
2.3 Expression Analysis 
2.3.1 Zebrafish 
2.3.1.1 Fish maintenance 
Wild-type zebrafish (Danio rerio) were purchased from a local pet store, while different 
mutants of zebrafish were obtained from multiple resources (such as labs of collaboration). The 
fish were maintained basically according to the method described by Westerfield (2000) and in 
compliance with Institutional Animal Care and Use Committee (IACUC) guidelines. Normally, 
fish were fed twice per day with flakes (Aquori, USA). During the spawning period, the fish 
were fed with brine shrimps (World Aquafeeds, USA) and were kept under the photoperiod 
cycle set at 14 hours of day (light) and 10 hours for night (dark). In the day before embryo 
collection, the bottom of fish tank was covered with clean marbles. Embryos were collected by 
siphoning with a plastic pipe in the next morning. 
2.3.1.2 Mutant and transgenic lines of zebrafish 
         The wild type AB fishes, transgenic fishes, and mutant fishes were maintained in the 
zebrafish facility of Institute of Molecular and Cell Biology (IMCB), Singapore. The two 
transgenic lines, hs:Dkk1-GFP (Stoick-Cooper et al., 2007) and hs:∆Tcf-GFP (Lewis et al., 
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2004), were gifts from Dr. Sudipto Roy at Institute of Molecular and Cell Biology (IMCB) in 
Singapore. The silberblick (slbtx226) (Heisenberg et al., 2000) bearing a point mutation in the 
coding region of wnt11, was kindly provided by Dr. Karuna Sampath at Temasek Lifesciences 
Laboratory (TLL) in Singapore.  
2.3.1.3 Heat-shock treatment of zebrafish transgenic embryos 
        The heterozygous adult transgenic fishes were out-crossed with wild type AB fish, and the 
resultant mixture of wild type and heterozygous transgenic embryos (1:1) were heat-shocked 
together in the same tube. The heat-shocked wild type and transgenic embryos were separated 
until the time before assays including live-imaging and WISH. For embryos younger than 24 hpf, 
around 60 embryos were heat-shocked for 30 minutes in egg water pre-heated to 38°C in a 50 ml 
falcon tube, then transferred to 28°C egg water and grown in 28°C incubator. For embryos older 
or equal to 24 hpf, around 60 embryos were dechorionated at 24 hpf for heat-shock treatment, 
which took 1 hour at 38°C followed by rearing the embryos in 28°C incubator. After the first 
time heat-shock treatment at designed time points, the embryos were treated with heat-shock 
twice a day using the 1 hour treatment protocol until assays. Each treatment was triplicated.  
2.3.1.4 Treatment of zebrafish embryos with the small molecule IWR-1 
        The small molecule inhibitor of Wnt response (IWR-1) (Chen et al., 2009) was purchased 
from Sigma-Aldrich (cat. number: I0161). The 25 mg powder was dissolved in 3.06 ml Dimethyl 
sulfoxide (DMSO) to prepare a 20 mM stock solution which was stored at -20°C in dark. All the 
embryos subjected to IWR-1 treatment were dechorionated for full access of chemicals. To treat 
the embryos at a concentration of 10 µM, 30 embryos were cultured in a 60x15mm plastic falcon 
dish containing 10 ml egg water, which was added with 5 µl 20mM stock solution drop-wise to 
the area without embryos while swirling the dish until a full dispense of chemicals. The egg 
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water and chemicals were changed once a day until assays. A dish adding with 5 µl DMSO was 
used as a control to eliminate the possible toxicity conferred by DMSO solvent. All the 
treatments were triplicated.  
2.3.2 Microinjection into 1-cell stage 
The samples for injection were prepared to different concentrations in respective buffers. 
Morpholino antisense Oligos were prepared in 1X Danieau solution (58 mM NaCl; 0.7 mM KCl; 
0.4 mM MgSO4; 0.6 mM Ca(NO3)2; 5.0 mM pH 7.6 HEPES). Sense RNAs were prepared in 
sterile filtered water to required concentrations. The needles used for the microinjection were 
prepared using optimized conditions of heat and pull time for different purposes using the Sutter 
Micropipette puller P-97 (Sutter Instruments Co, USA). The conditions for normal injections into 
1-2 cell embryos used were Pressure-500, heat-500/550, pull-150/150, velocity-100/100 and 
time-150/150. RNAs and antisense oligos were injected into the cytoplasm of 1-2 cell stage 
zebrafish embryos using Picoinjector PLI-100 (Medical Systems Corp, Greenvale, NY, USA) by 
placing the embryos under a dissection microscope (Olympus SZX12). Each embryo received a 
specific volume of the samples depending on the concentration of the sample. The injected 
embryos were reared in egg water (1 ml of egg water contains 10% NaCl, 0.3% KCl, 0.4% CaCl2, 
1.63% MgSO4.7H2O, 0.01% methylene blue, and 95 ml ddH2O). 
2.3.3 Anti-sense morpholino design 
 Anti-sense oligos or morpholinos have become an attractive method to specifically block 
gene function (Nasevicius and Ekker, 2000; Summerton and Weller 1997). Morpholino oligos 
are short chains of Morpholino subunits comprised of a nucleic acid base, a morpholine ring and 
a non-ionic phosphorodiamidate intersubunit linkage. Morpholinos act via a steric block 
mechanism (RNAse H-independent) and with their high mRNA binding affinity and exquisite 
52 
 
                                                                                                                                           Chapter II 
specificity they yield reliable and predictable results. Design of an efficient antisense 
Morpholino requires careful consideration of several criteria as follows.  
1) Select a target sequence in the post-spliced mRNA in the region from the 5' cap to 25 
bases 3' to the AUG translational start site. 
2) It is important to ensure that the selected sequence has little or no self-complementarity. 
Preferably the selected Morpholino oligo should form no more than 4 contiguous intrastrand 
base pairs. In some cases, 4 contiguous base-pairs can be detrimental to achieving good antisense 
inhibition if the resulting pairing is between all G and C residues. 
3) The antisense oligonucleotide may show reduced water solubility if it contains more than 
7 total guanines or more than 3 contiguous guanines in a 25-mer oligo. 
4) 25-mers (the longest commercially available) are recommended for most applications. 
This is because efficacy increases substantially with increasing length and because long oligos 
best assure access to a single-stranded region in the target RNA, as is required for nucleation of 
pairing by the oligo. 
5) In terms of composition and sequence motifs, an optimal splice-blocking oligo has the 
same properties described above for a translation-blocking oligo. However, splice-blocking 
oligos have additional target-specific requirements, the most important of which is a defined pre-
mRNA sequence with a minimum of 3 exons and explicitly known exon-intron and intron-exon 
boundaries. 
6) For control Morpholinos, 4-5 base changes in the experimental design Morpholino is 
sufficient to eliminate specific binding activity.  
MOs were resuspended from lyophilized powder and then diluted to 1 mM stock in 1X 
Danieau’s solution. The MOs were diluted to the appropriate concentration before they were 
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injected into embryos using a nanoinjecter (World Precision Instruments, Sarasota, Florida, 
USA). 
Table 2-4. A List of Morpholinos (MO) Used in This Study 
Gene name MO name Sequence Targeted region 
wif1  ATG-MO 5’ TCTGTTTGTCTGCGCTCGGTTCAGT 3’ ATG 
wif1 i1e2-MO 5’ AAACCTGTTCAATAAAACACTGCCT 3’ Intron1 
wif1 Mis-MO 5’ TCTcTTTcTgTGCcCTCcGTTCAGT 3’ Intron 1 
     tbx2a From VK lab stock 
Wnt5b From VK lab stock 
Wnt1 From VK lab stock 
Note: The mismatch nucleic acids are in lower case.  
 
2.3.4 Whole mount in situ hybridization (WISH) on zebrafish embryos 
2.3.4.1 Synthesis of labeled RNA probe 
2.3.4.1.1 Linearization of plasmid DNA 
5µg of plasmid DNA was linearized at the 5’ end of the cDNA insert with a proper 
restriction enzyme at 37°C for 2 hours (Section 2.1.2.1). Completion of linearization was 
confirmed by running the digestion product on 1% agarose gel. After confirmation, the linearized 
fragment was purified by phenol: chloroform precipitation. The total volume of digestion mix 
was made up to 100 µl and equal volume of 1:1 phenol:chloroform was added. This was 
followed by centrifugation at 14,000 rpm for 5 minutes at room temperature. The top layer was 
removed to a fresh tube and 1/10th 1M Sodium acetate and 2X volume of cold absolute ethanol 
was added. This mix was incubated on ice for 30-45 minutes and centrifuged for 30-45 minutes. 
The supernatant was carefully discarded without disturbing the pellet. The pellet was washed 
with 75% ethanol and spun for 5 minutes at 14,000 rpm. The pellet was then resuspended in 50-
100 µl of sterile water or TE buffer for further use. If necessary, the purified DNA might be 
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2.3.4.1.2 Probe incubation and precipitation 
1 µg of linearized DNA was used to synthesize the DIG/Fluorescein probe. The reaction 
was performed at 37°C for 2 hours in a total volume of 20 µl containing 4 µl of 5X transcription 
buffer (Stratagene, USA), 2 µl of DIG/Fluorescein-NTP mix [10 mM ATP, 10 mM CTP, 10 mM 
GTP, 6.5 mM UTP and 3.5 mM DIG/Fluorescein-UTP (Boehringer Mannheim, Germany)], 1 µl 
of RNase inhibitor (40 U/µl) (Promega, USA) and 1 µl of proper RNA polymerase (50 U/µl) 
(Promega, USA). Following the reaction, 2 µl of RNase-free DNase I was used to digest the 
DNA template at 37°C for 15 minutes. 1 µl of 0.5 M EDTA (pH 8.0) was used to stop the 
restriction digestion. Subsequently, 2.5 µl of 4 M LiCl and 75 µl of cold pure ethanol were added 
to precipitate the RNA. After washing with 75% ethanol, the RNA probe was resuspended in 60 
µl of DEPC treated water and cleaned using a Chroma Spin-100 DEPC H2O Column (Clontech, 
USA) by centrifuging at 700 g for 5 minutes to remove the impurity and small RNA fragments. 
2.3.4.1.3 Quantification of labeled probe 
The labeled probe was quantified visually by Gel Electrophoresis and quantitated using 
spectrophotometric analysis at OD260/280 nm. 
2.3.4.2 Preparation of zebrafish embryos 
2.3.4.2.1 Embryo collection and fixation 
All zebrafish embryos used in this study were staged according to the Zebrafish Book 
(Westerfield, 2000) and indicated as hours post fertilization (hpf) at 28.5°C. Staged embryos 
were fixed in 4% paraformaldehyde (PFA)/PBS (0.8% NaCl, 0.02% KCl, 0.0144% Na2HPO4. 
0.024% KH2PO4, pH 7.4) for 12 to 24 hours at room temperature or 4°C. Embryos younger than 
16 hpf were fixed before dechorionization and the chorion was removed afterwards. Embryos 
older than 16 hpf were dechorionated before fixation. Older embryos with tails were hibernated 
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on ice before fixation to prevent the curling of tails. After fixation, the embryos were washed in 
PBST (0.1% Tween20 in PBS) twice for 1 minute each, followed by four times for 20 minutes 
each on a nutator (ClAY ADAMS® Brand, Becton Dockinson, USA) at room temperature. After 
changing PBST to methanol, the embryos were kept at -20°C for several months. Before they 
were used for in situ hybridization, the embryos were rehydrated in PBS in two or three times by 
changing half volume of solution each time.  
2.3.4.2.2 Use of anesthetic to view embryos 
When viewing live embryos after 19 hpf, the embryos may twitch or move and affect the 
process of imaging. Anesthetic was used to facilitate embryo manipulation. Briefly, 400 mg of 
Tricaine (3-amino benzoic acidethylester) (Sigma, USA) powder was dissolved in 97.9 ml of 
sterile water and the pH was adjusted to 7 using Tris pH 8.0. Usually, 5 µl of this solution was 
added in a Petri dish with selected embryos and after a few seconds, the embryos could be 
transferred for viewing.  
2.3.4.2.3 Proteinase K treatment 
This step is especially necessary for embryos older than 14 somites (>16 hpf). Embryos 
were treated with 10 µg/ml of proteinase K in PBST at room temperature. The time of exposure 
depended upon embryos age and the specific activity of proteinase K, which varied from batch to 
batch. For most cases, the conditions used are as below.  
24 hpf  embryos, 10 minutes  
36 hpf  embryos, 20 minutes  
48 hpf  embryos, 40 minutes 
72 hpf embryos, 50 minutes 
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To stop the reaction, the proteinase K solution was removed completely, and the embryos 
were fixed again in 4% PFA/PBS for 20 minutes at room temperature. Embryos were first 
washed in PBST twice for 1 minute and then 4-5 times for 15-20 minutes each. 
2.3.4.2.4 Prehybridization 
Prehybridization was performed by replacing half the volume of washing solution with 
hybridization buffer [50% formamide, 5X SSC, 50 µg/ml Heparine, 500 µg/ml tRNA, 0.1% 
0.1% Tween.20, pH6.0 (adjusted bycitric acid)] and incubated at room temperature for 1 hour. 
This solution was removed and replaced with hybridization buffer; embryos were incubated at 
68°C for 5-10 hours.  
2.3.4.3 Hybridization 
1-2 µl of DIG-labeled probe was diluted in 200 µl of hybridization buffer. The probe was 
denatured by heating at 80°C for 5 minutes followed by 2 minutes of ice bath. Embryos of 
different stages or treatments were selected and placed in one tube or separate tubes depending 
on the experimental conditions. The original buffer was replaced with the denatured probe 
dissolved in hybridization buffer. Hybridization was performed at 68°C in a circulating water 
bath overnight with shaking. 
2.3.4.4 Post-Hybridization washes 
The next day, the probe was removed and replaced with prewarmed 100% hybridization 
wash solution (hybridization buffer without tRNA and heparine) for 15 minutes. The embryos 
were then washed in the following order of wash solutions, 15-20 min each: 75% hybridization 
wash solution, 25% 2X SSCT (SSC with 0.1% Tween.20); 50% hybridization wash solution, 
50% 2X SSCT; 25% hybridization wash solution, 75% 2X SSCT. This was followed by 2X 
SSCT wash twice for 30-45 minutes each and 0.2X SSCT wash twice for 30-45 minutes each. 
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Subsequently, the embryos were washed twice with PBST (PBS with 0.1% Tween20) at room 
temperature for 5 minutes each. 
2.3.4.5 Antibody incubation 
2.3.4.5.1 Preparation of pre-absorbed DIG 
Commercial DIG-AP antibodies (Boehringer) should be preincubated with biological 
tissues, preferably of the same origin as the sample used for hybridization, in order to decrease 
the staining background and increase signal-to-noise ratio. Thus, anti-DIG and Fluorescein-AP 
was diluted to 1:500 and 1:50 in Maleic Acid buffer (0.15M Maleic acid, 0.1M Nacl; pH 
7.5)/10% FCS (Fetal calf serum, Gibco BRL) respectively and incubated with 50 zebrafish 
embryos of any stages on a nutator at 4°C overnight. After that, the antibody solution was 
transferred to a new tube and diluted to 1:5000 and 1:500 with Maleic Acid buffer/10% FCS. 10 
µl of 0.5 M EDTA (pH 8.0) and 5 µl of 10% sodium azide were added to prevent bacterial 
growth. The preabsorbed antibody was stored at 4°C and can be used for many times. 
2.3.4.5.2 Incubation with pre-absorbed antibodies 
The embryos after hybridization and post hybridization washes were incubated in Maleic 
Acid buffer/10% FCS for 2 hours at room temperature to block non-specific binding sites for 
antibody. After removing the blocking solution, the embryos were incubated with preabsorbed 
anti-DIG-AP antibody at 4°C overnight. 
2.3.4.6 Color development 
Embryos were washed in PBST twice for 1 minute each, and 4 times for 15-20 minutes 
each on a nutator at room temperature followed by washing in buffer 9.5 (0.1M Tris-HCl, pH9.5, 
50mM MgCl2, 10mM NaCl and 0.1% Tween.20) once for 30 seconds and twice for 10 minutes 
each. 4.5 µl of NBT (Nitroblue tetrazolium, Boehringer Mannheim, 50 mg/ml in 70% dimethyl 
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formamide) and 3.5 µl of BCIP (5-bromo, 4-chloro, 3-indodyl phosphate salt, Boehringer 
Mannheim, Germany; 50mg/ml in H2O) was added into 1 ml of buffer 9.5 (PH 9.5) with 
embryos and mixed thoroughly. Embryos were kept in dark at room temperature for few minutes 
to several hours, and the progress of staining was monitored from time to time under a Leica 
MZ12 microscope (Leica, Germany). To stop the reaction, staining solution was removed and 
the embryos were washed in 1X PBST twice for 10 minutes each. Embryos can be preserved in 
4% PFA/PBS at 4°C.  
2.3.5 Immunohistochemical staining 
2.3.5.1 Primary antibody incubation 
To improve the penetration of antibodies, 4% PFA/PBS fixed embryos were treated with 
cold acetone (-20ºC, to remove lipids from cell membrane) for 8 minutes followed by washes 
with deionised water once and PBS three times for 10 minutes each. To block non-specific sites, 
embryos were incubated in 10% FCS/PBST for 2 hours at room temperature. The embryos were 
then incubated with 1:200 dilution of monoclonal mouse anti-GFP antibody (Roche) in 10% 
FCS/PBST at 4 ºC for overnight  
2.3.5.2 Secondary antibody incubation 
After removing the primary antibody, embryos were washed in PBST briefly for 2 times 
and additional 4 times for 30 minutes each. The embryos were then incubated with Alexa Fluor 
488 F(ab')2 fragment of goat anti-mouse IgG or Alexa Fluor 594 F(ab')2 fragment of goat anti-
mouse IgG (Invitrogene) secondary antibodies (1:500) for overnight at 4ºC or 2-3 hours at RT 
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2.3.5.3 Detection 
To detect the signal of secondary antibody labeled with fluorescent Alexa Fluor dye, the 
embryos were monitored under a fluorescence dissection microscope. Alexa Fluor 488 was 
observed under a blue filter (450-490 nm), and Alexa Fluor 594 was observed under a yellow 
filter (546 nm). To stop the reaction, embryos were washed in PBST for 3-4 times 10 minutes 
each and then mounted in 50% glycerol/PBS.  
2.3.6 Cryostat section 
Fixed or stained embryos or tissues were first transferred into molten 1.5% bactoagar/ 
5%sucrose in a detached cap of eppendorf tube at 48°C. Needles were used to adjust samples in 
desired orientation in the slowly hardening agar. After the agar block solidified, a small block 
was cut with razor to mount the sample in proper position. The block was then transferred into 
30% sucrose solution and incubated at 4°C overnight. Subsequently, the block was placed on the 
frozen surface of a layer of tissue freezing medium cryostat (Reichert-Jung, Germany) on the 
prechilled tissue holder. The block was then coated with one drop of cryostat and frozen in liquid 
nitrogen until the block was solidified completely. The frozen block was placed into a cryostat 
chamber (Reichert-Jung, Germany) for 30 minutes to be equilibrated with chamber temperature 
of -25°C. Normally, ten-micron-thick sections were made and placed on Superfrost Plus slides 
(Fisher, USA). The slides were dried on a 42°C hot plate for about 30 minutes. The sections 
were fixed briefly with 4% PFA/PBS for 10 minutes and washed 3 times in PBS for 5 minutes 
each. Afterwards, the sections were processed for further procedures and/or embedded in several 
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2.3.7 Double staining with mRNA probe and immunohistochemical staining  
After embryos were fixed as WISH, they were washed and treated with ProK (if necessary) 
and followed with cold acetone (-20ºC, to remove lipids from cell membrane). Then they were 
washed with PBST and incubated for prehybridization. Either mRNA probe staining or 
immunohistochemical staining could be done first.  
2.3.8 DAPI staining 
Some sections were further analyzed by staining with 1.5 ml of diluted 3.5 µM DAPI (4’, 6-
diamidine-2-phenylidole-dihydrochloride) and incubated in the dark for 20 mins. The slides were 
then tilted to remove the staining solution and washed with PBST for 2X 20 mins. Once washing 
was completed, coverslip was mounted as described.  
2.3.9 Mounting and photography 
Selected embryos were washed with PBST twice for 10 minutes each and transferred to 
50% glycerol/PBS, equilibrated at room temperature for several hours. For whole mounts, a 
single chamber was made by placing stacks of 3-5 small cover glasses on both side of a 
25.4X76.2 mm microscope slide. Small cover glasses in the stacks were stuck in 1 hour after 
placing a drop of Permount between them. Selected embryo was transferred to the chamber in a 
small drop of 50% glycerol/PBS and oriented by a needle. A 22X44 mm cover glass with a small 
drop of the same buffer was superimposed onto the embryo. The orientation of the embryo was 
adjusted by gently moving the cover glass. For flat specimen, the yolk of selected embryo was 
removed completely by needles. The embryo without yolk was then placed onto a slide with a 
small drop of 50% glycerol/PBS and adjusted to a proper orientation by removing excess of 
liquid and with the help of needles. A small fragment of cover glass (a bit larger than the 
specimen) was covered onto the embryo. Care was taken to avoid bubbles and a drop of 50% 
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glycerol/PBS was added to fill the space under the cover glass. This specimen was sealed with 
nail polish along the edge of the cover glass to prevent it from drying. Photographs were taken 
using a camera mounted to an Olympus AX-70 microscope (Olympus, Japan). The films used 
were Kodak Gold 200 and 400 ASA. 
2.3.10 Confocal microscopy and imaging of living embryos after anesthetizing 
EGFP expression in Tg(sst2:gfp) transgenic embryos was monitored under a Leica MZ FLIII 
stereomicroscope equipped for UV epifluorescence viewing. Living embryos after 18 hpf were 
anesthetized to facilitate manipulation of embryo position. 400 mg of Tricaine (3-amino benzoic 
acidethylester) (Sigma, USA) powder was dissolved in 97.9 ml of sterile water and the pH was 
adjusted to 7 using Tris pH 8.0. Usually, 5 µl of this solution was added in a Petri dish with 
selected embryos and after a few seconds, the embryos could be transferred for viewing. A 
viewing chamber was made by cutting a 12.5 mm diameter hole at the bottom of a 35 mm plastic 
petri dish and placing a coverslip outside to cover the hole. The coverslip was secured to the base 
of the petri dish using clear adhesive. 0.8% agarose was poured into the chamber and cut glass 
micro-capillaries of 0.8 cm were placed into the agarose to make lined spaces. Confocal images 
were acquired using Zeiss LSM510 scanning laser (Carl Zeiss Inc., Germany) using 488 nm 
excitation and 510-550 nm band-pass filters. Serial optical sections were taken at desired 
intervals using a 10X or 25X Plan-Neofluar 0.3 objective. Raw image collection and processing 
were performed using the LSM510 Software (Carl Zeiss Inc., Germany). Combined images were 
made on Adobe® Photoshop5.5. 
2.3.11 Whole mount in situ hybridization (WISH) on Xenopus embryos 
        For the WISH assay on Xenopus embryos, the cloning and synthesis of the probes are the 
same as that of zebrafish probes preparation. WISH was performed in a procedure similar to that 
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of WISH in zebrafish with minor modifications. In brief, the embryos were fixed in 4% 
paraformadehyde on a nutator at room temperature overnight followed by PBST washes of 2x 5 
min in 0.1M triethanolamine. Then 12.5 µl of acetic anhydride was added to 4 ml 0.1M 
triethanolamine and used to rinse 2x 5 min. After PBST washes, embryos were bleached on a 
light box for 1-2 hours, followed by PBST wash and Proteinase K (Roche) treatment. In 2 µl 
PK/ml PBST, stages 36-39, 41, 45 embryos were treated for 15 min, 45 min and 65 min 
respectively. The embryos were then re-fixed with 4% PFA for 30 min at room temperature, 
followed by 4x 15 min washes in PBST. The embryos were pre-hybridized in hybridization 
buffer at 60°C for 4 hour or overnight. DIG-labeled riboprobes in embryos were detected with 
alkaline phosphatase (AP)-conjugated anti-DIG antibody (Roche, Nutley, NJ) followed by 
staining with NBT/BCIP (Promega, Madison, WI) to produce purple precipitate. Stained 
embryos were post-fixed in 4% PFA for 1 hour and washed 3x 10 min in PBST. Finally the 
embryos were in indefinitely kept in 50% glycerol in PBS at 4 °C for clarification until imaging.  
         For whole embryo imaging, in-situ processed embryos were dehydrated in Methanol: H2O 
series (25%, 50%, 75%, 100%), then rinsed in 2:1 benzylbenzoate: benzyl alcohol (BB: BA) 3 
times. The cleared and transparent embryos were photographed in the BB: BA solution, using a 
dissecting fluorescent microscope (SZX12 Olympus, Japan). For cryostat section imaging, a 
compound microscope (Zeiss Axioscope 2, Zeiss, Germany) was used. 
         After imaging in BB: BA, embryos were rehydrated in Methanol: H2O series (100%, 75%, 
50%, 25%), rinsed in PBST 2x5min. Embryos were then embedded in the desired orientation in 
1.5% Bacto-Agar medium containing 5% sucrose. The agarose block was then trimmed and 
subjected to cryoprotection in 30% sucrose solution at room temperature for 2 hours or 4°C 
overnight until it sank.  Blocks were frozen in liquid nitrogen, mounted using OCT compound 
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(Tissue-Tek OCT compound, Sakura Finetek, USA), and 12 µm sections were cut with a Leica 
cryostat at -28°C and placed on poly-L-lysine coated microscope slides (Menzel-Glaser, 
Germany). Slides were dried on a 37°C hot plate for 1 hour and soaked gently in PBS for 3x10 
min. Sections were mounted in VECTASHIELD mounting medium with DAPI (Vector 
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         Although the teleost swimbladder is thought to be an evolutionary counterpart of the 
mammalian lung (Perry et al., 2001), the anatomical differences between them weaken this 
relationship. Swimbladder is a simple gas sac located in the dorsoanterior part of the body cavity 
(Finney et al., 2006), whereas the mammalian lung is a much more complicated structure with 
substantial branching morphogenesis, vascularization, sacculation and alveoli formation 
(reviewed by Cardoso and Lu 2006; Williams, 2003; Bourbon et al., 2005). Therefore, to 
investigate their relationship, an intermediate model, the Xenopus lung, which has simple 
bilateral, spindle shaped sacs (Okada et al., 1962), is useful to bridge the gap between the fish 
swimbladder and mammalian lung.  
3.1 Screening for lung-specific genes in X. troplicalis and activation of their 
promoters in X. laevis and zebrafish 
        Tissue- specific gene markers are important to help analyze organ/tissue development. In 
mammals, lung-specific markers have been reported including sftpc, which is expressed in 
airway alveolar type II epithelial cells (Glasser et al., 1990; Wert et al., 1993); sftpb, which is 
expressed in airway epithelial clara cells and alveolar type II epithelial cells (Khoor et al., 1994; 
Adams et al., 2001); scgb1a1 (cc10), which is expressed in clara cells (Stripp et al., 1992); plunc 
(lunx) (Iwao et al., 2001) and chia (tsa1902) (Saito et al., 1999), are expressed in lung epithelium.  
In the non-mammalian tetrapod, Xenopus laevis, sftpc and sftpb are expressed exclusively in the 
entire epithelium of the lung (Hyatt et al., 2007). In fish, antibodies against human SPA and SPB 
proteins and rat SPA protein have been used to stain proteins in the lung of the African lungfish 
(Polypterus) (Weaver, 1991; Power et al., 1999), as well as swimbladder and intestine from carp 
(Cyprinus carpio) respectively (Rubio et al., 1996). This information indicates that surfactant 
related proteins are present in the fish swimbladder. However, the cloning of specific gene 
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markers for the lung counterpart in fish has been unsuccessful. Due to the huge divergence of 
gene sequences over millions of years of evolution, BLAST search using lung-specific gene 
sequences did not identify any similar sequence in the zebrafish genome.  
       Another strategy to study the conservation between lung and swimbladder is to test lung-
specific promoters in transgenic zebrafish. Due to the long evolutionary distance of relations 
between mammals and fish, we tried to use Xenopus promoters, which are more likely to be 
activated in fish than the mammalian promoters.           
3.1.1 Screening of lung-specific genes in Xenopus troplicalis 
         In order to identify lung- specific gene in Xenopus, a list of genes that are prominently 
expressed in X. tropicalis lung, according to cDNA library from NIH Xenopus initiative 
(http://www.ncbi.nlm.nih.gov/UniGene/library.cgi?ORG=Str&LID=16872), were selected for 
analysis. RT-PCR was conducted to examine the specificity and abundance of their expression in 
the Xenopus lung. We investigated the expression of appl2, inha, LOC100145126, LOC549510, 
LOC594890, MGC145518, vraf, cystatinF, IMG7017690, IMG7017745, MGC186587, mogat2, 
TTpA04p02, MGC69486, MGC75752, MGC76278, MGC89305, foxe1, sftpb and sftpc in various 
adult tissues, including brain, heart, intestine, liver, lung, muscle, neuron, skin, spleen, stomach 
and testis. Ubiquitous genes ornithine decarboxylase (odc) and β-actin were used as mRNA 
loading control (Fig. 3-1). To our surprise, most of the tested genes did not have lung-specific or 
lung-prominent expression. Among them, appl2, LOC549510 MGC69486, MGC75752, 
MGC76278, MGC89305, MGC186587 and MGC145518 were ubiquitously expressed in all the 
tested tissues; inha was only expressed in heart, muscle and testis. LOC594890 was relative 
strongly expressed in intestine and weakly in the brain, heart, muscle, skin and stomach, but not 
expressed in the lung. vraf was weakly in the neuron only. The expression of IMG7017690, 
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IMG7017745 and TTpA04p02 was relatively strong in the liver, but absent from the lung. mogat2 
was relative strongly expressed in the brain, muscle and skin, but weakly in the lung, intestine 
and heart. Foxe1 expression was expressed in all the organs tested except liver and spleen. The 
only gene that showed prominent expression in the lung was cystatinF, which was also expressed 
in the liver, spleen, heart, intestine, muscle, neuron and stomach. sftpb was prominently 
expressed in the lung, with relatively weaker expression in the heart and testis. Surprisingly, the 
expression of sftpd was mainly in the liver, but not in the lung. Although sftpd expression pattern 
is different from that of sftpd in mammals, it is in agreement with the online cDNA library data. 
sftpc was exclusively expressed in the lung of Xenopus tropicalis, in agreement with the NIH 

















































Fig. 3-1. Screening for lung-specific genes in X. troplicalis. The expression of candidate genes was 
assayed by the reverse-transcription PCR (RT-PCR) for 30 cycles of amplification, using total RNA from 
several adult organ of X. troplicalis brain, heart, intestine, liver, lung, muscle, neuron, skin, spleen, 
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3.1.2 Activation of Xenopus tropicalis sftpc promoter in Xenopus laevis and zebrafish 
          Cross species activation of promoters has been achieved in many models. For example, the 
promoter of the human and rabbit lung maker gene sftpc has been used to drive lung-specific 
gene expression in mouse (Li et al., 2005; Adams et al., 2001), indicating the functional 
conservation of cis-acting elements of the gene as well as signaling pathways controlling these 
elements.   
          Based on our RT-PCR analysis of gene expression patterns in X. tropicalis, the promoter 
of X. tropicalis sftpc was selected for a promoter activation test in X. laevis and zebrafish. Here 
we used X. laevis for two reasons: one, we want to test if this promoter works in its close relative, 
X. laevis, whose Sftpc amino acid sequence is 99 percent identical to that of X. tropicalis; second, 
easier obtaining of eggs from X. laevis in our facility. We cloned the 3.2 kb sftpc promoter from 
X. tropicalis genomic DNA, and inserted it into the pEGFP-1 vector plasmid, upstream of the 
EGFP gene (Fig. 3-2A). To examine whether or not the X. tropicalis promoter would be 
activated in its close relative, X. laevis, the linearized plasmid was injected into X. laevis 
embryos at the one to four cell stage. The sftpc promoter was ubiquitously activated in X. laevis 
from stage 30. GFP expression at stage 39 is shown in Fig. 3-2B-E. Activation of the sftpc 




































Fig. 3-2. Test of the X. tropicalis sftpc promoter in X. laevis and zebrafish. 100 ng of 
linearized plasmids were injected into the embryos at one- to four-cell stage in X. laevis and one-
cell stage in zebrafish. (A) Schematic description of the construct of the X. tropicalis sftpc 
promoter (3.2 kb) in plasmid pEGFP-1. (B-D) X. tropicalis sftpc promoter analysis in X. laevis. 
(B, C) Dorsal view showing the absence of GFP expression in control embryos in bright field 
(BF) view or under GFP filter (GFP). Dorsal view (D) and lateral view (E) showing the 
ubiquitous expression of GFP in injected X. laevis embryos. (F, G) Lack of GFP expression in 
control (F) and injected zebrafish embryos (G). BF: bright field; sb: swimbladder. Scale bars: 
1mm in B-D, 200 µm in F and G. 
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3.2 Expression of components of Wnt and Hedgehog pathways in different 
tissue layers during early lung development in Xenopus laevis 
       Since the screening for lung-specific genes in X. tropicalis and subsequent activation of the 
X. tropicalis promoter did not achieve tissue-specific expression, we took another strategy to 
identify important genes/signaling pathways. Hedgehog (Hh) and Wnt signaling pathways have 
been reported to play critical roles in mammalian lung development (reviewed by MacDonald et 
al., 2009; Bellusci et al., 1997a; Pepicelli et al., 1998). For this reason, we examined the 
expression of Wnt and Hh signaling components in Xenopus. In this section, we first described 
early lung development using two known marker genes, sftpc and nkx2.1, and then examined the 
expression of several Wnt and Hh signaling components. 
3.2.1 Early Xenopus lung morphogenesis based on sftpc and nkx2.1 expression 
 In Xenopus, the lung-specific markers sftpc and sftpb show similar temporal and spatial 
expression patterns (Hyatt et al., 2007). In order to describe early lung development in Xenopus 
laevis, we first examined sftpc, which was more specifically expressed in the lung (Fig. 3-1) by 
whole mount in situ hybridization (WISH). As shown in Fig. 3-3, sftpc expression in the early 
Xenopus lung was first detected at stage 37/38 (Fig. 3-3A, B), i.e., earlier than that (stage 41) 
reported previously (Hyatt et al., 2007). Sftpc expression was detected in the lung during stages 
39-45 (Fig. 3-3C, G, J). Cross sections of embryos (n=3) showed that sftpc expression was 
relatively uniform in the lung bud epithelium in stage 39 (Fig. 3-3D, E, F), but in stage 41 
embryos, it was more intense in the lateral part of each spherical bud (Fig. 3-3H, I, I’). In stage 
45, the shape of the sftpc-positive epithelium changed from a smooth sac to a more complex 
shape with folds (Fig. 3-3K, L, L’).   
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As shown in Fig. 3-3, at the very anterior part, the lung bud is located ventrally with 
respect to the gut. With the elongation of the lung, the trachea and lung tubes translocate to the 
dorsal side of the esophagus from stage 39 to stage 45 (Fig. 3-3D-F, H-I’, K-L’). This dynamic 
initial ventral out-pouching and subsequent dorsalization of Xenopus lung is consistent with that 
of mammalian lung (Hogan, 1999). In contrast to the expression of sftpc in the entire lung 
epithelium in Xenopus, sftpc expression is restricted to the most distal part of lung epithelium in 
mammals (Wert et al., 1993). In zebrafish, swimbladder outgrows dorsally from the foregut since 
the beginning of budding (Winata et al., 2009). This morphogenesis pattern may imply that the 
initial patterning of Xenopus lung is much closer to that of mammalian lung compared to the 
zebrafish swimbladder. 
       The epithelium labeled by nkx2.1 exhibited similar expression patterns to than seen with 
sftpc. The anterior trachea extended laterally when the lung went more posterior (Fig. 3-4B, C, D, 
F, G, H). At stage 41, the trachea and lung went up to dorsal of gut (Fig. 3-4A, E, F, G, H). 
However, a slight difference in expression pattern to that of Sftpc was also observed. Besides 
being expressed in the forebrain and thyroid, nkx2.1 was also expressed strongly in the 
separating tube, which separates the trachea and esophagus (Fig. 3-4B, C, F, G). This staining 
accounts for its critical role for the separation of trachea and esophagus in mouse (Minoo et al., 
























Fig. 3-3. Expression of sftpc (spC) in early lung development of Xenopus laevis.  (A) No 
detectable sftpc expression at stage 35/36. (B) Earliest expression of sftpc at stage 37/38. (C) 
sftpc expression is restricted to the lung bud at stage 39. (D, E, F) Cross section of a stage 39 
embryo shows sftpc expression in lung buds. Note that the whole lung is located ventral to the 
esophagus (es). (G) Ventro-lateral view of sftpc expression in lung at stage 41. (H) Epithelial 
expression of sftpc in the anterior part of the lung at a point just before the separation of the two 
lung tubes. (I) Epithelial expression of sftpc in the two separated posterior lung tubes. (I’) The 
image of the boxed region in (I) to show sftpc staining in the epithelium. Note that at this stage, 
with the elongation of lung, the posterior parts of the lung tube extend to more dorsally to the 
esophagus. (J) Ventro-lateral view of sftpc expression in lung at stage 45. sftpc is expressed in 
the anterior (K)  and  posterior (L) lung epithelium. (L’) The image of the boxed region in (L) 
shows sftpc staining in the epithelium layer. Red arrows and dotted red circles indicate two lung 






















Fig. 3-4. Expression of Nkx2.1 in early development of Xenopus lung epithelium. 
The anterior trachea extends laterally while the lung develops more posteriorly (B, C, 
D, F, G, H). At stage 41, the trachea and lung are dorsal to the gut (A, E, F, G, H). 
Besides being expressed in the forebrain and thyroid, the Nkx2.1 is also expressed in the 
separating tube, which separates the trachea and esophagus (B, C, F, G). oe- 
oesophagus; nc- notochord; b- lung bud, rl- right lung, st-separating tube, lt- left 
thyroid, rt- right thyroid, st- separating tube. The epithelium was encircled by dotted red 
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3.2.2 Expression of wnt7b in the epithelium of early Xenopus lung    
 Expression of wnt7b in the early Xenopus lung was also examined by WISH. As shown 
in Fig. 3-5, the earliest wnt7b expression in the lung bud was detected at stage 37/38 (Fig. 3-5A, 
B). This early wnt7b expression coincides with that of sftpc (Fig. 3-3A, B). Since Xenopus lung 
epithelial precursors are committed and lung bud formation is initiated before sftpc and wnt7b 
expression, this implies that wnt7b is not required for lung precursor specification and lung bud 
formation. This is consistent with wnt7b function in mouse, where wnt7b is only required for the 
distal epithelial cell program, branching morphogenesis, mesenchyme proliferation, smooth 
muscle differentiation and vascularization, but not for the agenesis of the lungs (Shu et al., 2002, 
2005; Rajagopal et al., 2008). The expression of wnt7b was maintained from stage 39 through 
stage 41 till stage 45 (Fig. 3-5C, G, K). Transverse sections through stage 39 embryos (n=4) 
revealed that wnt7b was specifically expressed in the epithelial cells (Fig. 3-5D, E, F). A 
transverse section through stage 41 (Fig. 3-5H, I, J) and stage 45 (Fig. 3-5L, M, M’) embryos 
(n=3) also showed that wnt7b expression was present in the entire epithelium layer of the lung. 
This is in contrast to that of the mouse lung, where wnt7b expression is restricted only to the 
distal airway epithelium (Shu et al., 2002). This difference in expression pattern implies that 
wnt7b also plays a role in the proximal lung epithelial program in Xenopus, in addition to the 
distal epithelial program as reported for mouse lung development (Shu et al., 2002; Rajagopal et 
al., 2008).  
3.2.3 Expression of wnt5a and wif1 in the mesenchyme of Xenopus lung 
Since wnt5a is expressed in mammalian lung and plays a pivotal role in lung 
development (Li et al., 2002), it is of interest to determine the expression pattern of wnt5a in 
Xenopus lung. Our WISH data show that wnt5a was expressed in the lung from stage 39 to stage 
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41 (Fig. 3-6A, C), and by stage 45, its expression was not detected (data not shown). Transverse 
section of WISH embryos that were stained with DAPI staining indicated that wnt5a expression 
in the lung was restricted to the mesenchyme layer at stage 39 (Fig. 3B) and stage 41 (Fig.3-6D, 
E). This expression pattern differs from wnt5a expression in mouse lung, where wnt5a is 
expressed in both lung epithelium and adjacent mesenchyme (Li et al., 2002).  The lack of wnt5a 
expression in the lung epithelium suggests that the developmental program in Xenopus differs 
from that in mice, where wnt5a is required for the inhibition of branching of the epithelial airway 
and mesenchyme growth (Cohen et al., 2009). 
           Expression of wif1, an inhibitor of Wnt signaling (Hsieh et al., 1999), has not been 
reported for mammalian lung development. We examined the expression of wif1 in Xenopus lung 
and found a weak signal at stage 39 and stage 41 (Fig. 3-6F, H) in the mesenchyme layer (Fig. 3-
6G, I, J). These observations suggest that Wnt signaling in the developing lung probably includes 
positive and negative feedback loops for fine-tuned self-regulation by paracrine or autocrine 

































Fig. 3-5. Expression of wnt7b in the lung epithelium. (A) wnt7b expression in the lung bud at 
stage 35/36. (B) The earliest wnt7b expression in the lung bud at stage 37/38. (C) Expression of 
wnt7b in the lung bud at stage 39. (D, E, F) Transverse sections of stage 39 embryo in (C). Note 
that wnt7b expression in the entire lung epithelium. (G) wnt7b expression in lung at stage 41. (H, 
I, J) Transverse sections of the embryo in (G) as indicated. Note that wnt7b is expressed in the 
entire lung epithelium and in the lateral part of the lung tubes (I). (K) wnt7b expression along the 
entire lung tube at stage 45. (L, M) Transverse sections of the embryos in (K) as indicated. (M’) 
The magnified image of the boxed region in (M). Red arrows indicate lung. Abbreviations: es, 
esophagus; nc, notochord. Scale bars: 100 µm. 
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Fig. 3-6. Expression of wnt5a and wif1 in Xenopus lung mesenchyme. (A) WISH showing 
wnt5a expression in the lung bud at stage 39. (B) Transverse section of a stage 39 embryo 
depicting wnt5a expression of in the lung mesenchyme. (C) wnt5a expression in the lung at stage 
41. (D, E) Expression of wnt5a in the lung mesenchyme revealed by transverse section. Note 
expression in the lateral lung tubes. Note that wnt5b expression is restricted to the mesenchyme. 
(F) wif1 expression in the lung bud at stage 39. (G) Transverse section of the embryo in (F) 
confirms the presence of wif1 expression in the lung mesenchyme. (H) Dorsal view of wif1 
expression in a stage 41 embryo. (I, J) Transverse section of a stage 41 embryo illustrates wif1 
expression in the anterior and posterior lung mesenchyme. Red arrows indicate lung. 
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3.2.4 Examination of shh and bhh expression in Xenopus lung  
         Hh signaling has been reported to play important roles in mammalian lung development, 
and in particular shh, which plays critical roles in mouse lung mesenchymal cell differentiation 
into smooth muscle (Bellusci et al., 1997). In Xenopus, Shh is expressed in mesodermal 
notochord, and ventral neural tube (Ekker, 1995). However, shh has not been reported to be 
expressed in Xenopus lung. We investigated the expression of Hh signaling components in 
Xenopus lung. shh expression was initially detected at the anterior tip of lung buds at stage 41 
(Fig. 3-7A, B) but it was down-regulated by stage 45 (data not shown). Transverse sections (n=4) 
revealed that shh expression was restricted to the very anterior part of the lung epithelium, before 
the point of separation of the two lung tubes (Fig. 3-7C, D, E). This pattern is different from that 
in mouse lung, where shh is expressed in the distal epithelial cells (Pepicelli et al., 1998). This 
difference in expression would indicate that shh is involved in the early developmental events 
taking place in the more proximal part of the Xenopus lung. The transcripts of bhh (banded 
hedgehog), the homolog of mammalian ihh (indian hedgehog), were not detected in Xenopus 
lung at stage 39 or stage 41 (Fig. 3-7F, G, H and I). The absence of bhh in the lung is consistent 
with that of ihh in mouse.  
3.2.5 Expression of acta2 and anxa5 in early Xenopus lung 
        The smooth muscle marker gene acta2 is expressed in the mouse lung (Shu et al., 2005) and 
zebrafish swimbladder (Winata, 2009). It also serves as a marker for mesenchymal cell 
differentiation into smooth muscles cells. The expression of acta2 in early Xenopus lung was 
examined to investigate when smooth muscle cells differentiated. The expression of acta2 was 
initiated at stage 39 (Fig. 3-8A) and maintained at stage 41 (Fig. 3-8B), stage 46 (Fig. 3-8C) and 
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stage 49 (Fig. 3-8D). The expression of acta2 in these stages indicates the presence of smooth 
muscles.  
         Another marker gene, anxa5, used for studying zebrafish swimbladder development 
(Winata et al., 2009), was also expressed in the early stages of Xenopus lung. Anxa5 transcripts 
were detected in regions other than the lung bud (Fig. 3-8E). The expression was seen in the lung 


















































Fig. 3-7. Expression of shh and bhh in early Xenopus lung development. (A-E) WISH 
detection of expression of shh.  WISH does not show shh expression in the lung bud at stage 
39(A), but shh expression is observed at the anterior part of the lung at stage 41 (B). Transverse 
section shows the expression of shh in the anterior (C) and middle (D) part of lung epithelium, 
but not in the posterior (E) epithelium of the lung bud at stage 41. (F-I) WISH detection of bhh 
expression. No expression of bhh was detected in the lung bud at stage 39 (F) and stage 41 (G). 
Transverse section shows no bhh expression in the anterior or posterior part of lung at stage 41 
(H, I). Red arrows and dotted red circles indicate lung. Abbreviations: es, esophagus; nc, 































Fig. 3-8. Expression of acta2 and anxa5 in early Xenopus lung development. (A-H) WISH 
detection of expression of acta2 and anxa5 shown in transverse sections.  (A-D) acta2 
expression in the lung bud at stage 39 (A) and mesenchyme at stage 41 (B), 46 (C) and stage 49 
(D). (E-H) Expression of acta5 is observed at stage 41 (F) but absent at stage 39 (E), 46 (G) and 
49 (H). Arrows indicate the lung regions, whereas asterisks indicate lung regions where the 
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3.3 Discussion 
3.3.1 Xenopus as a model for developmental study 
        Xenopus has long been established as a useful model for developmental study. The long 
history of Xenopus studies has yielded extensive knowledge in developmental biology, such as 
excellent fate maps and detailed stage-by-stage descriptions of internal development. Advances 
in techniques allow for transplantation and ablation experiments at any stage. Most importantly, 
external fertilization, external embryo development and high fecundity make it possible for 
large-scale microinjection studies of plasmids and phenotype screening, which is hard to perform 
using the mouse model. A number of developmental studies in Xenopus have been carried out 
including the organogenesis of the pancreas (Nieuwkoop P.D. and Faber J., 1994), liver (Schorpp 
et al., 1988; Zaret K.S., 2004), kidney (Wild et al., 2000; Jones 2005), heart (Lohr and Yost, 
2000; Brown et al., 2005), lung (Meban 1973; Hyatt et al., 2007; Yin et al., 2010) and 
regeneration of the eyes (Rio-Tsonis and Tsonis, 2003), limbs (Wolfe et al., 2004) and tail 
(Gargioli and Slack, 2004). Compared to the mouse lung, which has been extensively studied 
(Cadoso and Lu, 2006), very little is known about the development of the Xenopus lung. In 
Xenopus, Nkx2.1 is expressed in the lung from stage 35. It is also expressed in telencphalon, 
diencephalon and thyroid from as early as stage 23 (Small et al., 2000). The first effort to find 
specific gene markers for X. laevis lung was done by Hyatt et al. (2007), who cloned and 
described the expression patterns of the X.  laevis sftpc and spB genes.  
          As a close relative of X. laevis, X. tropicalis has been an attractive new experimental 
model to biologists because the classic model of X. laevis has two main drawbacks for genetic 
study.  First, it normally needs 1-2 years to reach sexual maturity, hindering the practicality of 
multi-generation experiments (e.g, making a transgenic line of frogs bearing a reporter or marker 
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constructs for transplantation experiments or breeding loci to homozygosity). Second, X. laevis is 
allotetraploid, thus many genes are represented by extra copies, which may or may not be 
functional, or may play redundant roles. This greatly impairs the effort to create mutants (since it 
may be required to mutate up to four paralogous copies of a gene) and analyzing gene regulation 
(since it may be difficult to distinguish genomic clones of pseudogenes from those of active loci). 
Therefore, X. tropicalis is better suited for genetic approaches, and shares virtually all of X. 
laevis advantages as a model of experimental embryology. X. tropicalis possesses a much shorter 
generation time (3-4 months), and a smaller diploid genome (twenty chromosomes, with about 
1.7 x 109 bp, versus thirty-six chromosomes and 3.1 x 109 bp for X. laevis).  Adult X. tropicalis, 
at 4-5 cm, are considerably smaller than the 10 cm X. laevis, and consequently can be housed 
more efficiently; eggs are also somewhat smaller (0.6-0.7 mm vs 1-1.3 mm for X. laevis), but 
still amenable to manipulation, and are more abundant (1000-3000 per spawning versus 300-
1000 for X. laevis).  
3.3.2 Gene expression in developing lung in Xenopus 
       The screening of lung-specific genes in our study discloses large differences between the 
large scale cDNA library data and the individual RT-PCR data 
(http://www.ncbi.nlm.nih.gov/UniGene/library.cgi?ORG=Str&LID=16872). Among the 21 
genes screened by RT-PCR, only sftpc exhibits a lung-specific expression pattern. Beside sftpc, 
the only other gene that showed prominent expression in the lung is cystatinF, which was also 
expressed in liver, spleen, heart, intestine, muscle, neuron and stomach. The two other surfactant 
related genes, sftpb was expressed in the lung, heart and testis; sftpd was expressed in the liver, 
heart, intestine and muscle, but not in the lung. In mammals, these surfactant-related genes are 
all expressed in a lung-specific pattern and play crucial roles for lung development and proper 
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function, such as reducing surface tension so as to avoid lung collapse during breathing (Mishra 
et al., 2001). In accordance to the DNA library data and their counterparts in X. laevis (Hyatt et 
al., 2007) and mammals, sftpc was exclusively expressed in the lung of X. tropicalis, suggesting 
it as the most consistent and reliable lung-specific marker. 
         The successful activation of X. tropicalis sftpc promoter in X. laevis embryos confirms the 
close relationship of the two species during evolution. As it is not surprising that the molecular 
mechanisms of the activation and specification of the sftpc are well conserved between these two 
species. However, through the transient mosaic expression, without screening of F1 carriers for 
lung-specific expression, it cannot be determined if the cis-elements that are responsible for cell- 
type specific expression are included in this 3.2 kb promoter region. The inability to activate the 
sftpc promoter in zebrafish indicates either that the Xenopus promoter is too divergent to function 
in fish or that fish lack the transcriptional components to activate lung-specific genes. 
          The conserved expression patterns of Wnt and Hh pathway genes between Xenopus and 
mouse reveal the conservation of lung development during evolution. The initiation of wnt7b 
expression in Xenopus is after the specification of the lung bud. This implies that the function of 
wnt7b is conserved in Xenopus and mouse, where wnt7b is only indispensible for the distal 
epithelial cell program, mesenchyme proliferation, branching morphogenesis, smooth muscle 
differentiation and vascularization (Shu et al., 2002, 2005; Rajagopal et al., 2008).  Expression of 
wnt5a in the lung also suggests evolutionary links between the lung of Xenopus and mammals. In 
addition, the expression of shh in Xenopus lung also provides a clue on the evolutionary 
conservation in lung development between Xenopus and mammals, where shh is expressed in the 
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         However, the differential expression patterns of Wnt and Hh signaling components 
between Xenopus and mouse reveal differences in lung development and lung function during 
evolution. In Xenopus, wnt7b expression was present in the entire epithelium, inconsistent with 
that of mouse lung, where wnt7b expression is restricted to the distal airway epithelium (Shu et 
al., 2002). The expression of wnt5a in the mesenchyme of the Xenopus lung is different from that 
in mouse, where wnt5a is expressed in both lung epithelium and mesenchyme (Li et al., 2002). 
This suggests a different wnt5a function in Xenopus, where in mouse wnt5a is critical for the 
inhibition of epithelial airway branching and mesenchyme growth (Cohen et al., 2009). In 
Xenopus, shh expression was restricted to the anterior part of the lung epithelium, just before the 
point of separation of the two lung tubes. This pattern is contrary to that in the mouse lung, 
where shh is expressed in the distal epithelial cells (Pepicelli et al., 1998). This difference may 
imply that shh plays a role in earlier developmental stages, which happen in the proximal part of 
Xenopus lung. The absence of bhh expression in Xenopus lung is consistent with that of its 
homologue, ihh in mouse. Although wif1 has not been reported to be expressed in the lung of 
mammals, it was found in Xenopus lung. These results suggest that Wnt signaling in the 
developing lung includes positive and negative feedback regulation through paracrine or 
autocrine signaling as described in other tissues (MacDonald et al, 2009). In addition, the results 
demonstrate that Xenopus can serve as an intermediate model to bridge the evolutionary gap 
between fish swimbladder and mammalian lung. 
           In summary, we screened the lung-specific promoters in X. tropicalis and tested the 
activation of the sftpc promoter in X. laevis and zebrafish. The sftpc promoter was ubiquitously 
activated in X. laevis, but not expressed in zebrafish. Then, we tested the expression of mouse 
lung-expressed genes in X. laevis using WISH (Table 3-1). We demonstrated for the first time 
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that genes encoding components of the Wnt and Hh signaling, including wnt7b, wnt5a, wif1 and 
shh were expressed in different layers of Xenopus lung in early development. These results 
suggest the involvement of Wnt and Hh signaling in the early Xenopus lung development. All 
these genes exhibited both conserved and non-conserved expression patterns with their homologs 
in mouse and zebrafish. Divergences in expression patterns imply differential functions of these 
genes in the respiratory system development in different animals. Taken together, our study 
represents an initial effort to describe early lung development in Xenopus and provides 
information that will facilitate future functional studies. 
 
Table 3-1 Summary of gene expressions in early X. laevis lung 
Gene  sftpc nkx2.1 wnt7b wnt5a wif1 shh bhha acta2 anxa5
epithelium +++ +++ ++ _ _ _ _ + _ Stage39 
mesenchyme _ _ _ + + _ _ _ _ 
epithelium +++ +++ ++ _ _ + _ _ _ Stage41 
mesenchyme _ _ _ + + _ _ ++ ++ 
epithelium ++ ND + _ _ + ND _ _ Stage45/46 
mesenchyme _ ND _ + + _ ND ++ _ 
epithelium ND ND ND ND ND ND ND _ _ Stage 49 
mesenchyme ND ND ND ND  ND ND ND ++ _ 
ND: not determined; A: weak probe; +, expression level; -, no expression. 
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          Wnt signaling has been reported to play critical roles in mammalian lung development 
(MacDonald et al., 2009). Early studies have shown that Wnt signaling only plays roles in late 
lung development by regulating lung epithelium and mesenchyme proliferation. Whereas loss of 
β-catenin or over-expression of Wnt inhibitor dkk1 in lung epithelium after lung specification 
inhibits distal airway epithelial development and a global proximalization (Mucenski et al., 
2003), mesenchyme-specific inhibition of β-catenin results in reduced mesenchymal proliferation 
(De Langhe et al., 2008; Yin et al., 2008). Lung epithelium-specific loss of Wnt7b abrogates 
distal lung bud formation and perturbs branching morphogenesis (Shu et al., 2005). Wnt7b is also 
required for lung smooth muscle differentiation (Shu et al., 2002) and mesenchymal proliferation 
(Rajagopal et al., 2008). Inactivation of Wnt5a acting in the non-canonical Wnt pathway (Topol 
et al., 2003) leads to thickening of the mesenchyme and excessive branching of the epithelial 
airway (Li et al., 2002). Wnt11 is expressed in the mouse lung, but its function is still not clear 
(Lako et al., 1998). Recently, it has been shown that Wnt signaling is also required for lung 
endoderm specification and progenitor fate determination (Goss et al., 2009). wnt2/2b double 
knock-out leads to complete lung agenesis in mice due to loss of endodermal progenitor 
specification, but did not affect other endoderm-derived organs such as thyroid, liver, and 
pancreas. Furthermore, activation of Wnt/β-catenin signaling leads to the reprogramming of 
esophagus and stomach endoderm to a lung progenitor fate (Goss et al., 2009). Besides Wnt 
ligands, other Wnt pathway members such as the antagonist Dkk1 (Shu et al., 2005), Frizzled 
receptors (Logan and Nusse, 2004) and Lef1/Tcf3 transcription factors (Li et al., 2002) also play 
pivotal roles in mouse lung development.  
        The mechanisms of zebrafish endoderm specification have been explored extensively 
(Reiter et al., 2001). Compared to other endodermal organs, such as the liver (Burke et al., 2006; 
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Hong and Dawid, 2008) and pancreas (Alexa et al., 2009; Roy et al., 2001), swimbladder 
development has been much less studied. To date, the expression of several genes has been 
shown in swimbladder (Farber et al., 2003; Georgijevic et al., 2007; Strahle et al., 1993), but 
only Hedgehog signaling and pbx1 have been linked to development of this organ (Teoh et al., 
2010; Winata et al., 2009).  
4.1 Identification of a new set of gene markers for different tissue layers of the 
zebrafish swimbladder 
         Our previous study reported the identification of molecular markers such as hb9, fgf10a, 
acta2 and annxa5 for all the three tissue layers of zebrafish swimbladder (Winata et al., 2009). 
However, the interactions among multiple signaling pathways in a developmental context are 
complex and frequently a particular gene is regulated by more than one pathway or more than 
one gene. To ensure that the absence of a marker gene expression faithfully reflects a 
swimbladder defect rather than simply a down-regulation of its expression, it is desirable to use 
multiple gene markers to trace tissue changes. Thus, we made an effort to identify a new set of 
gene markers for the three tissue layers of the zebrafish swimbladder. Based on the ZFIN online 
database (Thisse et al., 2004), we first investigated in detail, the expression pattern of several 
candidate genes and confirmed the following genes as new markers for swimbladder: sox2, has2, 
hprt1l and elovl1a. 
        Expression of sox2 was initiated from 24 hpf (Fig. 4-1A) in the endoderm. The expression 
in swimbladder bud was initiated from 36 hpf, and maintained at 48 hpf and 72 hpf (Fig. 4-1B-
D), and restricted to the epithelium (Fig. 4-1E, F).  The expression of sox2 was also present in 
the pneumatic duct and the anterior swimbladder bud (Fig. 4-1D, E), but absent from any other 
endoderm organs. Expression of sox2 from 24 hpf made it the earliest marker for swimbladder 
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epithelium progenitors, which were previously defined at 28 hpf by pbx1 (Teoh et al., 2010) and 
prdc (Muller et al., 2006), and at 36 hpf by hb9 (Winata et al., 2009). 
        has2 expression in swimbladder was first detected at 48 hpf, and maintained at 72 hpf 
specifically in the mesenchyme layer of swimbladder (Fig. 4-1G-I).  Whereas the previously 
reported mesenchymal marker fgf10a was expressed in the bilateral domain as well as the very 
posterior domain (Winata et al., 2009) (Fig. 4-1H’), has2 expression was only in the bilateral 
domain (Fig. 4-1H). This difference may indicate that has2 and fgf10a were expressed in 
different cell lineages in swimbladder mesenchyme. 
     hprt1l was expressed in swimbladder from 48 hpf and maintained at 72 hpf specifically in 
the outer mesothelium (Fig. 4-1J-L). We also found that swimbladder is the only endodermal 
organ with hprt1l expression. Besides hprt1l, we identified another marker, elovl1a, for the outer 
mesothelium and it was expressed at higher level than hprt1l. elovl1a expression in swimbladder 
was detected from 48 hpf in a discrete pattern (Fig. 4-1M and N). Cross sections showed that the 
elovl1a-expressing cells were located in the dorsal part of swimbladder primordium (Fig. 4-1O). 
elovl1a expression was maintained at 72 hpf exclusively in the outer mesothelium of 
swimbladder (Fig. 4-1R-Q). Compared to annxa5, which expression is initiated only after 60 hpf 
(Winata et al., 2009), the expression of hprt1l and elovl1a starts much earlier (48 hpf) making 
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Fig. 4-1. Expression of new marker genes in different tissue layers of the zebrafish 
swimbladder as assayed by WISH. (A-F) Expression of sox2 in the epithelium of swimbladder 
at 24 hpf (A), 36 hpf (B), 48 hpf (C) and 72 hpf (D-F). Panels (A-D) are lateral views while (E,F) 
are cross sections of the embryo shown in (D) with the section planes indicated. (G-I) Expression 
of has2 in the mesenchyme layer of swimbladder at 48 hpf (G, lateral view) and 72 hpf (H, 
ventral view; I, cross section). (H’) Expression of fgf10a in swimbladder (ventral view) for 
comparison of has2 expression in (H). (J-L) Expression of hprt1l in the outer mesothelium of 
swimbladder at 48 hpf (J, lateral), and 72 hpf (K, ventral; L, cross section). (M-R) Expression of 
elovl1a in the outer mesothelium of swimbladder at 48 hpf (M, lateral; N, ventral; O, cross 
section) and 72 hpf (P, lateral; Q, ventral; R, cross section). Dotted red circles indicated 
swimbladder and yellow circles indicated epithelium. All embryos were laterally oriented with 
anterior to the left unless specified. Abbreviations: asb, anterior swimbladder bud; e, epithelium; 
g, gut; m, mesenchyme; n, notochord; o, outer mesothelium; pd, pneumatic duct; sb, 
swimbladder. Scale bar = 200 µM. Panel (A) scale bar applies to all whole mount images and 
Panel (F) scale bar is for all cross section images.  
 
4.2 Expression of Wnt pathway members in swimbladder during early 
development  
4.2.1 Screening of Wnt signaling genes expressed in the swimbladder 
      To investigate the function of Wnt signaling in swimbladder development, it is necessary to 
identify which Wnt components are expressed in the developing swimbladder. By using a WISH 
assay, a total of 38 genes, including Wnt components and some potentially important genes 
related to Wnt signaling or swimbladder development, were examined for their expression in the 
early development of swimbladder. As summarized in Table 4-1, many of Wnt signaling 
pathway components, including Wnt ligands, receptors, transcription factors, and target genes 
were expressed in swimbladder, suggesting that Wnt signaling pathway components were 
expressed during the early development of swimbladder. The expression of most of these genes 
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Table 4-1 Summary of expression of genes in the swimbladder from 36 hpf to 72 hpf 
 
genes swimbladder epithelium mesenchyme mesothelium plasmid 
source 
remarks 
axin1 ++ ND ND ND 2  
axin2 ++ ND ND ND 2  
cx43 ++++ - + - 2  
elovl1a ++++ - - + 1  
foxa1 ++++ + - - 2  
foxa2 ++ + - - 2  
flk1 ++ ND ND ND 2  
fz2 + ND ND ND 1 A 
fz3 + ND ND ND 1 A 
fz7a + ND ND ND 2 A 
fz7b ++ - + - 2  
fz8b + ND ND ND  2 A 
fz8c - - - - 1 A 
gata6 ++++ + - - 2  
gsc - - - - 2  
has2 ++++ - + - 1  
hprt1l +++ - - + 1  
lef1 +++ - + + 2  
nkx2.1a ? ND ND ND 2 A 
nkx2.1b ? ND ND ND 2 A 
scl ? ND ND ND 2 A 
sox2 ++ + - - 2  
tbx2a ++ - + - 2 A 
tcf3 ++ + + + 2  
wif1 +++ + - - 1  
wnt1 + + + + 2 A 
wnt2 - - - - 2  
wnt3 - - - - 2  
wnt3a - - - - 2  
wnt4 ? ND ND ND 2 A 
wnt5a ? ND ND ND 1 A 
wnt5b ++ - + + 2  
wnt7a ? ND ND ND 1 A 
wnt7b ? ND ND ND 1 A 
wnt8a + ND ND ND 2 A 
wnt8b ? ND ND ND 2 A 
wnt10a ? ND ND ND 2 A 
wnt11 + ND ND ND 2 A 
ND: not determined; A: weak probe; 1: from this study; 2: from lab stock;  
+, expression level; -, no expression; ?, need further confirmation. 
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4.2.2 Expression of Wnt ligands in the early developing swimbladder  
         Since Wnt5a is expressed in the mouse lung (Shu et al., 2005) and Xenopus lung (Yin et al., 
2010), we examined both wnt5a and wnt5b expression in zebrafish swimbladder. While wnt5a 
expression was not detected (not shown), wnt5b expression was observed in swimbladder 
mesenchyme from 36 hpf and maintained at 3 dpf (Fig. 4-2A-C). Cross section of WISH 
embryos showed that wnt5b expression was restricted to the mesenchyme (Fig. 4-2C). 
        According to ZFIN data, wnt11 was expressed in the musculature system and otic vesicle at 
36 hpf, and in the pharyngeal arch at 48 hpf with a very weak signal. We did not observe the 
expression of wnt11 in swimbladder at 36 hpf (Fig. 4-2D), but observed its weak expression at 2 
dpf (Fig. 4-2E) and 3 dpf (Fig. 4-2F).  
        Since wnt2 has been reported as an important Wnt ligand expressed in the mesenchyme of 
mouse lung and it plays critical roles in the specification, budding, branching and 
vasculariztation of the lung (Goss et al., 2009), it was interesting to examine if this gene is also 
expressed in swimbladder. As shown by the expression of ihha, swimbladder bud is located 
between the 2nd and 3rd somites at 2 dpf (Fig. 4-3A). However, wnt2 expression site at 2 dpf is 
located just anterior to the 1st somite (Fig. 4-3C). Cross section showed that the expression of 
wnt2 was restricted to the right side of the expression region (Fig. 4-3E). At 3 dpf, swimbladder 
spans the region from the 3rd somite to 5th somite, as indicated by the expression of hb9 (Fig. 4-
3B). However, the expression of wnt2 at 3 dpf was restricted to a very small region which is 
located at the position of the 3rd somite (Fig. 4-3F), showing a crescent shape when viewed from 
the dorsal side (Fig. 4-3D). Therefore, our WISH data showed that wnt2 is not expressed in 
swimbladder at 2 dpf and 3 dpf, while expressed in a region parallel to the starting site of 
swimbladder at 3 dpf.  
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          In order to further confirm the exact expression of wnt2 around swimbladder region, the 
transgenic fish line Et(krt4:EGFP)sq33-2, which exhibits specific GFP expression in the 
epithelium of swimbladder (Winata et al., 2009), was employed to localize the expression site of 
wnt2. As represented by hb9 staining (Fig. 4-4A), the expression of wnt2 is in the regions located 
at the dorsal-right side of pneumatic duct just anterior to the anterior part of swimbladder (Fig. 4-
4C, I), as indicated by merging with anti-GPF antibiody immunohistofluoresence (IHF) assay 
(Fig. 4-4E) and DAPI counter strain (Fig. 4-4G). On a slightly posterior section, wnt2 expression 
was shown to located in the region that surrounds the epithelium of the second swimbladder bud, 
from the dorsal-right direction (Fig. 4-4D, J), as indicated by merging with anti-GPF antibiody 
histoimmunofluoresence (HIF) assay (Fig. 4-4F) and DAPI counter strain (Fig. 4-4H). Therefore, 
at 3 dpf, wnt2 expression is not in swimbladder, but is in the region that surrounds the pneumatic 
duct at the level of anterior beginning of swimbladder, and in the region that surrounds the 
second swimbladder epithelium bud. This pattern is different from that of wnt2 in mouse lung 



























       
 
 
Fig. 4-2. Expression of wnt5b and wnt11 in the early developmental swimbladder. The 
expression pattern was detected by WISH assay. (A, B, C) Expression of wnt5b in swimbladder 
at 36 hpf (A) and 3 dpf (B), with restricted expression in the mesenchyme shown by cross 
section (C). (D) Absent expression of wnt11 in swimbladder at 36 hpf. (E, F) Weak expression of 
wnt11 in swimbladder at 2 dpf (E) and 3 dpf (F). Red arrowheads indicate swimbladder region. 

























Fig. 4-3. Examination of wnt2 expression pattern. wnt2 expression pattern around 
swimbladder region was assayed by WISH. (A) Expression of ihha in swimbladder bud at 2 dpf. 
(B) Expression of hb9 in swimbladder at 3 dpf. (C, E) Expression of wnt2 at 2 dpf as revealed by 
ventral view (C) and cross section (E). (D, F) Expression of wnt2 at 3 dpf shown in dorsal view 
(D) and lateral view (F). All embryos were laterally oriented with anterior to the left unless 
specified. Red arrows indicate the expression region of the genes. The black line in (C) 

























Fig. 4-4. Detailed examination of wnt2 expression at 3 dpf. The transgenic Et(krt4:EGFP)sq33-2 
embryos were processed sequentially through wnt2 probe WISH, cryo-sectioning (10 µm), anti-GFP 
antibody staining (histoimmunofluorence) and DAPI counter staining. (A) Expression of hb9 in the 
epithelium of swimbladder. (B, B’) Expression of wnt2 at the level between 2nd and 3rd somites. (C, E, G, 
I) Expression of wnt2 (C, I) in the plane represented by the dashed line in (A), as co-localized by anti-
GFP antibody staining (E) and DAPI counter stain (G). (D, F, H, J) Expression of wnt2 (D, J)  in the 
plane represented by the solid line in (A), as co-localized by anti-GFP antibody staining (F) and DAPI 
counter stain (H). The thick red arrows indicate wnt2 expression regions; thin red arrows indicate the 
second swimbladder bud, and the red arrowheads indicate the pneumatic duct. Scale bars in A-D: 100 
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4.2.3 Expression of Wnt receptors in the swimbladder 
          In addition to Wnt ligands, we found two receptor genes of Wnt signaling, fz2 and fz7b, 
were also expressed in swimbladder (Fig. 4-5). Their expression was detected as early as 36 hpf 
and maintained at 72 hpf in both mesenchyme and outer mesothelium (Fig. 4-5A-F). In addition 
to these two receptors, fz3, fz7a and fz8b were also expressed in the developing swimbladder, 
though it was not clear which layer they were expressed due to the weak expression (See Table 
4-1). The expression of these receptors further supports a role of Wnt signaling in development 
of swimbladder.  
4.2.4 Expression of Wnt transcription factors in the swimbladder 
          As both an activator and a target of Wnt signaling, Lef1 has been used as a reporter for 
Wnt signaling activity (Shu et al., 2005). Our data show that lef1 was expressed in swimbladder 
from 36 hpf to 72 hpf in the mesenchyme and outer mesothelium (Fig. 4-5G-I), providing 
another piece of evidence for the activity of Wnt signaling in swimbladder.  
        Another co-activator of Wnt target genes, tcf3 was also expressed in swimbladder starting 
from 36 hpf (Fig.4-5J-L). This expression was strong in the outer mesothelium, moderately weak 
in the epithelium, and very weak in the mesenchyme layer at 72 hpf (Fig. 4-5L). The presence of 
tcf3 expression supports that Wnt signaling is active during early swimbladder development.   
4.2.5 Expression of Wnt signaling target genes in the swimbladder 
        In the mouse lung, the mesenchymal expression of the Wnt target genes Axin2 and Lef1 
(Jho et al., 2002; Tebar et al., 2001), and mesenchymal β-catenin (Shu et al., 2005; Tebar et al., 
2001), have been previously reported. We investigated the expression of known Wnt targets 
genes axin1(Dao et al., 2007) and axin2 (Stoick-Cooper et al., 2007) by WISH assays. Our assay 
showed that the expression of axin1 was initiated as early as 36 hpf (Fig. 4-6A), and was 
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maintained at 48 hpf (Fig. 4-6B) as well as 72 hpf (Fig. 4-6C). Similarly, axin2 expression was 
detected at 36 hpf (Fig. 4-6D, G), and was maintained at 48 hpf (Fig. 4-6E, H) and 72 hpf (Fig. 
4-6F, I). The expression of these two targets genes further demonstrated that Wnt signaling 
components are present during the critical budding and growth stages (36 hpf to 72 hpf) so as to 
execute critical functions during this process. 
4.2.6 Expression of Wnt protein inhibitor gene wif1 in the early developing swimbladder 
         The Wnt inhibitory factor-1 (Wif1) is a secreted protein possessing a WIF domain that 
binds to Wnt proteins and inhibits their activities. The amino acid sequences of Wif1 are highly 
conserved from zebrafish to Xenopus to mouse (Hsieh et al., 1999). The expression of wif1 in 
mouse, Xenopus and zebrafish has been partially described (Hsieh et al., 1999; Hu et al., 2008). 
In zebrafish, wif1 expression appears first at the onset of somitogenesis in the paraxial mesoderm. 
At 24 hpf, wif1 expression is seen in the notochord, epitphysis and ventral midbrain (Hsieh et al., 
1999).  However, according to the online data at ZFIN (Thisse et al., 2004), wif1 expression is 
detected as early as at 50% epiboly. At 48 hpf to 60 hpf, it is expressed in part of the pharyngeal 
arches, pectoral fin, flexural organ (anterior midbrain ventral) and one unspecified endoderm 
primordium.  
         To examine whether the unspecified endoderm primordia, in which wif1 is expressed, is 
swimbladder bud and thus whether wif1 plays critical roles in swimbladder development by 
regulating wnt signaling pathways, WISH assay was performed using a wif1 probe cloned in this 
study. As shown in Fig. 4-7, wif1 is expressed in swimbladder. The wif1 expression was detected 
at 36 hpf (Fig. 4-7A, B), maintained at 48 hpf (Fig. 4-7C, D) and 72 hpf (Fig. 4-7E-H). Besides 
the expression in swimbladder, wif1 was also strongly expressed in the midbrain, pancreas and 
weakly expressed in the notochord (Fig. 4-7C-F). It is interesting to note that the expression of 
102 
 
                                                                                                                                          Chapter IV 
wif1 in the pneumatic duct and the second swimbladder bud is much stronger than that in the rest 
of swimbladder (Fig. 4-7E, F). Cross-sections from WISH embryos showed that wif1 was 
expressed in the epithelium of swimbladder at 72 hpf (Fig. 4-7G) and in the epithelium of the 
pneumatic duct other than in the gut (Fig. 4-7H). The expression of wif1 in swimbladder shows 
both a conservation and deviation with that of wif1 in Xenopus, where wif1 is expressed in the 






          
         



















































Fig. 4-5. Expression of Wnt pathway receptors and transcription factors in the zebrafish 
swimbladder. (A-C) Expression of fz2 in the mesenchyme and outer mesothelium of 
swimbladder at 36 hpf (A) and 72 hpf (B, C). (D-F) Expression of fz7b in mesenchyme and outer 
mesothelium of swimbladder at 36 hpf (D) and 72 hpf (E, F). (G-I) Expression of lef1 in the 
mesenchyme and outer mesothelium of swimbladder at 36 hpf (G) and 72 hpf (H, I).  (J-L) 
Expression of tcf3 in the epithelium and outer mesothelium of swimbladder at 36 hpf (J) to 72 
hpf (K, L). Panels (C, F, I, L) are cross sections. Dotted yellow circles indicate epithelium. 
Abbreviations: e, epithelium; g, gut; m, mesenchyme; n, notochord; o, outer mesothelium; pf, 
pectoral fin; pd, pneumatic duct; sb, swimbladder. Scale bar in A= 100 µm applies to all whole 






















Fig. 4-6. Expression of axin1 and axin2 in the early development of zebrafish swimbladder. 
The expression of axin1 and axin2 was assayed by WISH. (A-C) Expression of axin1 in 
swimbladder at 36 hpf (A), 48 hpf (B) and 72 hpf (C). (D-I) Expression of axin2 in swimbladder 
at 36 hpf (D, G), 48 hpf (E, H) and 72 hpf (F, I). All embryos were laterally oriented with 
anterior to the left unless specified. (A-F) were shown as lateral view, (G) shown as dorsal view, 



































Fig. 4-7. Expression of wif1 in the early developing swimbladder. The expression pattern was 
assayed by WISH. (A, B) Detection of wif1 expression in swimbladder at 36 hpf. (C, D) 
Expression of wif1 in swimbladder at 48 hpf. (E, F) Expression of wif1 in swimbladder (red 
arrow), pneumatic duct (empty arrow) and pancreas (black arrowhead). (G, H) Cross section 
showing of wif1 expression in the epithelium of swimbladder (G) and separating pneumatic duct 
(H). Inserts in (A-D) are higher magnifications of the boxed regions. (A, C, E) were lateral view 
while (B, D, F) were ventral view. Abbreviations: ep, epithelium; pd, pneumatic duct; g, gut.  
Scale bar in A= 100 µm applies to all whole mount images; Scale bar in G= 200 µm applies to all 
cross section images. 
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4.3 Conditional Blocking of Wnt signaling by heat-shock reveals its critical 
roles in the early swimbladder development 
          Heat-shock inducible promoters have been used extensively to achieve conditional 
activation of a functional gene (Silver et al., 1993; Rupik et al, 2006). To investigate the 
functions of Wnt signaling in zebrafish swimbladder development, we utilized two transgenic 
lines, hs:Dkk1-GFP (Stoick-Cooper et al., 2007) and hs:∆Tcf-GFP (Lewis et al., 2004), which 
have been used to block canonical Wnt/β-catenin signaling. Whereas Dkk1 acts as a potent 
inhibitor by binding to Wnt receptors Lrp5/6, Tcf3 serves as a key transcription factor that 
regulates numerous Wnt/β-catenin target genes (MacDonald et al., 2009). The hs:Dkk1-GFP  
line over-expresses the Dkk1 inhibitor whereas the hs:∆Tcf-GFP line over-expresses a dominant-
negative form of the Tcf3 transcription factor.  
4.3.1 Inhibition of Wnt signaling by heat-shock of hs:Dkk1-GFP and  hs:∆Tcf-GFP 
transgenic embryos  
  Unlike other superficial organs like skin, eyes, heart, lateral line and tail, swimbladder is the 
deepest organ inside an embryo. Whether a standard heat-shock treatment can activate the heat-
shock inducible promoter is still unknown. To ensure that heat-shock treatment of transgenics 
induced GFP-tagged protein expression, we heat-shocked the embryos at different 
developmental stages and demonstrated strong GFP expression in all stages from 12 hpf to 48 
hpf in both transgenic lines (Fig. 4-8A-H).  In particular, GFP-tagged Tcf was strongly induced 
in swimbladder (Fig. 4-8I, M). Histoimmunofluorescence (IHF) staining confirmed the induction 
of GFP expression in all of the three layers of the entire swimbladder (Fig. 4-8J-L, N-P). It is 
interesting to note that more mesenchymal cells than epithelial and outer mesothelial cells were 
induced to express GFP (Fig. 4-8J-L). Similar GFP expression patterns were observed in 
hs:Dkk1-GFP fishes (not shown). Since the activation of the heat-shock promoter is in a dose-
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dependent manner, it is necessary to quantify the level of gene transcription. To quantify the 
degree of activation of the promoter thus to inhibit wnt signaling in the two transgenic lines, 
quantitative real-time PCR was performed to examine the Wnt pathway activity after 6 hours 
when heat-shock was conducted at 66 hpf. Our data from quantitative real-time PCR using 
previously reported target genes axin2, c-myc, cyclinD1 and lef1 (MacDonald et al., 2009)  
reveal that heat-shock led to a 50% and 80% loss of Wnt activity in hs:Dkk1-GFP and hs:∆Tcf-























































                                                                                                                                          Chapter IV 
Fig. 4-8. Induction of GFP-fusion proteins and inhibition of Wnt signaling in the hs:Dkk1-
GFP and hs:∆Tcf-GFP transgenic embryos by heat-shock treatment. (A-H) Induction of 
GFP-fusion proteins in hs:Dkk1-GFP and hs:∆Tcf-GFP transgenic embryos. Heat-shock was 
performed at various stages and live images were taken at 72 hpf. (A) Lack of GFP expression in 
wild type sibling after heat-shock treatment. (B-D) Live image of GFP expression in hs:Dkk1-
GFP embryos heat-shocked at 12 hpf (B), 24 hpf (C) and 48 hpf (D). (E-H) Live image of GFP 
expression in hs:∆Tcf-GFP embryos heat-shocked at 12 hpf (E), 24 hpf (F), 36 hpf (G) and 48 
hpf (H). Note that the expression of GFP in hs:∆Tcf-GFP embryos (E-H) were stronger than that 
of hs:Dkk1-GFP embryos (A-D). (I-P) Analysis of GFP-fusion protein expression in 
swimbladder of hs:∆Tcf-GFP transgenic embryos. Transgenic embryos were heat-shocked at 66 
hpf and live images were taken at 72 hpf (I,M), followed by histoimmunofluorence assays using 
anti-GFP antibody (K,L,O,P) and DAPI counterstaining (J,L,N,P). Panels (J-L) are cross sections 
and (N-P) tangential sections. (Q,R) Real time RT-PCR assays of selected target genes of the 
Wnt signaling after heat-shock blocking Wnt signaling in hs:Dkk1-GFP (Q) and hs:∆Tcf-GFP (R) 
transgenic embryos. Stronger inhibition of Wnt signaling targets genes axin2, c-myc, cyclinD1 
and lef1 in hs:∆Tcf-GFP fishes (R) than hs:Dkk1-GFP fishes (Q) were observed (p< 0.05). All 
embryos were laterally oriented with anterior to the left unless specified. Dotted white circles 
indicated swimbladder. Abbreviations: g, gut. Scale bars = 200 µM.  
 
4.3.2 Stage-specific inhibition of Wnt signaling impaired swimbladder development in the 
epithelium 
      The effect of inhibition of Wnt signaling on the development on swimbladder epithelium was 
first examined through heat-shock of the hs:Dkk1-GFP and hs:∆Tcf-GFP embryos at different 
developmental stages and development of the epithelium was monitored by using sox2 and hb9 
as markers. Heat-shock of hs:Dkk1-GFP embryos from as early as 8 hpf (Fig. 4-9B), a time point 
in late gastrulation, did not abrogate epithelial specification. The epithelial precursors of 
swimbladder and pancreatic islet were specified, although their number was severely reduced 
(Fig. 4-9F). Heat-shock of hs:Dkk1-GFP embryos from 12 hpf led to a 6-hour delay in the 
specification of epithelial precursors at 30 hpf (Fig. 4-9B), and the formation of a reduced 
epithelial bud at 72 hpf (Fig. 4-9C). Whereas heat-shock of hs:Dkk1-GFP embryos from 30hpf 
resulted in reduction of epithelium without the anterior bud at 72 hpf (Fig. 4-9G), heat-shock 
from 36 hpf resulted in a well formed, though smaller epithelium, including the anterior chamber 
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bud at 72 hpf (Fig. 4-9D, H), comparable to swimbladder phenotype in wild type siblings (Fig. 4-
9A, E).  
      Blocking of Wnt signaling using another transgenic line, hs:∆Tcf-GFP, resulted in more 
severe defects in swimbladder epithelium. Heat-shock from 12 hpf caused all embryos to die 
before 30 hpf (not shown). The number of epithelial precursors of swimbladder severely 
decreased at 72 hpf when heat-shock was performed from 30 hpf (Fig. 4-9M), but swimbladder 
was mildly affected and formed a morphologically recognizable primordium at 72 hpf when 
heat-shock was performed from 36 hpf (Fig. 4-9N). When hs:∆Tcf-GFP embryos were heat-
shocked from 42 hpf, swimbladder was well-formed but without the anterior bud (Fig. 4-9O). In 
contrast, a complete (but much reduced) swimbladder epithelium including the anterior 
swimbladder bud was formed at 72 hpf when larvae were heat-shocked from 48 hpf (Fig. 4-9P). 
       To examine the effects of Wnt blocking on other endodermal organs, we investigated the 
heat-shocked larvae by WISH using foxa1 and gata6 markers expressed in all endodermal tissues. 
At 72 hpf, hs:Dkk1-GFP larvae that were heat-shocked from 12 hpf showed a smaller 










































Fig. 4-9. Effects of temporal inhibition of wnt signaling on the epithelium development of the 
swimbladder. (A-L) Expression of marker genes in hs:Dkk1-GFP embryos after heat-shock treatment at 
various stages.  (A-D) Expression of sox2 in swimbladder epithelium in wild type sibling at 72 hpf (A) 
and in hs:Dkk1-GFP embryos heat-shocked from different developmental stages as indicated (B-D). 
Expression of sox2 in swimbladder epithelium anlage at 30 hpf when heat-shocked from 12 hpf (B). (E-H) 
Expression of hb9 at 72 hpf in wild type swimbladder epithelium, in 72 hpf hs:Dkk1-GFP larvae that 
were heat-shocked from 8 hpf, 30 hpf (G) and 36 hpf (H). (I, J) Expression of foxA1 at 72 hpf in the 
epithelium of endoderm organs in wild type and transgenic larvae that were heat-shocked from 12 hpf (J). 
(K,L) Expression of gata6 in the epithelium of endoderm organs at 72hpf in wild type and transgenic 
fishes that were heat-shocked from 12 hpf. (M-P) Expression of hb9 in the epithelium of swimbladder at 
72 hpf in transgenic larvae that were heat-shocked from 30 hpf, 36 hpf, 42 hpf and 48 hpf. Note the 
presence of the anterior swimbladder bud (asb) in (D, H, P). Abbreviations: asb, anterior swimbladder 
bud; ex, exocrine pancreas; g, gut; li, liver; n, notochord; pd, pneumatic duct; ph, pharynx; pi, pancreatic 
islet; sb, swimbladder. Scale bar = 200 µM. 
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4.3.3 Blocking of Wnt signaling perturbed mesenchyme development and smooth muscle 
differentiation 
        Effects of Wnt signaling inhibition on mesenchyme development were also observed. When 
the hs:Dkk1-GFP embryos were heat-shocked from 12 hpf, the mesenchyme was still absent at 
48 hpf (Fig. 4-10B) but appeared at 54 hpf (not shown), indicating a 6-hour delay of 
mesenchyme specification. By 72 hpf, the mesenchyme was well-formed, but much smaller in 
size (Fig. 4-10A, C and E, F). Heat-shock at 60 hpf resulted in an almost normal mesenchyme 
(Fig. 4-10G). In the hs:∆Tcf-GFP line, swimbladder mesenchyme was absent at 72 hpf when the 
transgenic embryos were heat-shocked from 30hpf (not shown); however, the mesenchyme was 
present when the transgenic embryos were heat-shocked from 36 hpf (Fig. 4-10D, H). These 
observations indicate that Wnt signaling is required for the specification of swimbladder 
mesenchyme in a specific developmental window. 
       To examine the effects of Wnt signaling on differentiation of smooth muscle, we used WISH 
to detect the smooth muscle marker acta2. In the hs:Dkk1-GFP fishes, smooth muscle 
differentiation was totally abolished when fish were heat-shocked from 30 hpf or earlier (Fig. 4-
10J). Smooth muscles were present but the size of mesenchyme was reduced when larvae were 
heat-shocked from 36 hpf (Fig. 4-10I, K). A similar phenotype was observed in hs:∆Tcf-GFP 
larvae heat-shocked from 48 hpf (Fig. 4-10L). Therefore, Wnt signaling, similar to Hh signaling 




































Fig. 4-10. Effects of temporal inhibition of Wnt signaling on swimbladder mesenchyme and 
smooth muscles. (A,C) Expression of has2 in swimbladder mesenchyme at 72 hpf in wild type 
and hs:Dkk1-GFP fishes that were heat-shocked from 12 hpf. (B) Absence of has2 expression at 
48 hpf in the putative swimbladder when hs:Dkk1-GFP larvae were heat-shocked from 12 hpf. 
(D) Expression of has2 in the size-reduced mesenchyme in hs:∆Tcf-GFP larvae heat-shocked 
from 36 hpf. (E-G) Expression of fgf10a at 72 hpf in mesenchyme of wild type (E), transgenic 
hs:Dkk1-GFP larvae heat-shocked from 12 hpf (F) and 60 hpf (G). (H) Expression of fgf10a in 
the size-reduced mesenchyme in hs:∆Tcf-GFP larvae heat-shocked from 36 hpf. (I-K) 
Expression of acta2 at 72 hpf in mesenchyme of wild type, hs:Dkk1-GFP larvae heat-shocked 
from 30 hpf and 36 hpf. Note absence of acta2 staining in (J) and the reduced size of 
swimbladder in (K). (L) Expression of acta2 in the size-reduced mesenchyme in hs:∆Tcf-GFP 
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4.3.4 Blocking of Wnt signaling disturbed the outer mesothelium development 
   To investigate the impact of Wnt signaling on the development of the outer mesothelium, 
we performed WISH with elovl1a as a marker of this tissue layer in heat-shocked hs:Dkk1-GFP 
and hs:∆Tcf-GFP transgenics. In hs:Dkk1-GFP fishes, mesothelial cells were present at 48 hpf 
when heat-shocked from 12 hpf (Fig. 4-11A). When transgenics were heat-shocked at 12 hpf and 
30 hpf, the cluster of mesothelial cells was abnormally extended along the anterior-posterior axis 
at 72 hpf (Fig. 4-11C, E). Heat-shock from 36 hpf resulted in an organized but smaller 
mesothelium at 72 hpf (Fig. 4-11B, G).  
   When heat-shock was performed on hs:∆Tcf-GFP transgenics from 30 hpf, mesothelial cells 
were absent at 72 hpf (Fig. 4-11D). Heat-shock from 36 and 42 hpf led to the disorganized cells 
(Fig. 4-11F) and later treatment from 48 hpf resulted in a well organized albeit size-reduced 
mesothelium (Fig. 4-11H). Therefore, these data suggest that Wnt signaling was required for 










































Fig. 4-11. Effects of temporal inhibition of Wnt signaling on swimbladder mesothelium 
development. (A, C) Expression of elovl1a in outer mesothelium at 48 hpf and 72 hpf when 
hs:Dkk1-GFP fishes were heat-shocked from 12 hpf. Inset in A shown elovl1a expression at 48 
hpf in WT. The elovl1a expressing cells were disorganized at 72 hpf when larvae were heat-
shocked from 30 hpf (E), but were well organized when larvae were heat-shocked from 30 hpf 
(G). (B) Expression of elovl1a in wild-type outer mesothelium. The elovl1a expressing cells in 
the outer mesothelium at 72 hpf were absent when hs:∆Tcf-GFP larvae were heat-shocked from 
30 hpf (D), were present but disorganized when larvae were heat-shocked from 42 hpf (F), and 
were properly organized but in a smaller domain, compared to controls, when fishes were heat-
shocked from 42 hpf (H). Red arrows indicated absence of swimbladder at putative locations. 
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4.3.5 Wnt signaling is required for cell proliferation 
         Since Wnt signaling has been widely reported in controlling stem cell proliferation, it is 
interesting to examine if this is also the case in swimbladder development. To explore the 
mechanisms that affect swimbladder development, we examined the effects of Wnt inhibition on 
cell proliferation. hs:∆Tcf-GFP embryos were heat-shocked at 66 hpf and fixed at 72 hpf for 
proliferation and apoptosis assays as previously described (Stoick-Cooper et al., 2007). The 
embryos were stained against PCNA antibody, which stains cells at S-phase and M-phase during 
proliferation. The PCNA-positive cells in swimbladder of transgenic embryos were reduced (Fig. 
4-12A-F). Similar results were also observed when the anti-phosphorylated histone H3 (PH3) 
antibody was used to detect cells in the M-phase of the cell cycle (Fig. 4-12G-L). Therefore, Wnt 
signaling is required for cell proliferation in zebrafish swimbladder. In the heat-shocked fish, 
loss of cell proliferation contributes to the reduced growth of swimbladder. 
4.3.6 Wnt signaling is required for the inhibition of apoptosis 
          It has been reported that loss of Wnt signaling leads to enhanced cell apoptosis (Jia et al., 
2008). In order to examine whether blocking Wnt signaling will lead to increased cell apoptosis 
in swimbladder, cell apoptosis assays were conducted on the heat-shocked hs:∆Tcf-GFP 
embryos. The transgenics were heat-shocked at 66 hpf and fixed at 72 hpf for apoptosis assays as 
previously described (Stoick-Cooper et al., 2007). After heat-shock, the TUNEL-positive cells 
increased globally (Fig. 4-13G, H). In swimbladder region, apoptotic cells were dramatically 
increased in heat-shocked transgenics (Fig. 4-13A-F). Our statistical data showed that the 
percentage of TUNEL-positive cells in swimbladder against total cells in heat-shocked 
transgenic fish swimbladder increased by nearly eight folds compared to that of heat-shocked 
wild type embryos (Fig. 4-13I). Therefore, blocking Wnt signaling dramatically promoted 
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apoptosis in swimbladder. Taken together, and in agreement with previous reports based on in 
vitro studies (Jia et al., 2008), defective swimbladder development is caused by a blockade in 

























































Fig. 4-12. Effects of Wnt inhibition on cell proliferation in the swimbladder. hs:∆Tcf-GFP 
fish was out-crossed with AB wild type fish, the resultant heterozygous embryos and their wild 
type siblings were heat-shocked at 66 hpf and fixed at 72 hpf for proliferation assays. (A-F) 
Proliferation assay against PCNA (red) and counterstained with DAPI (green). The number of 
PCNA positive cells (red) was greatly reduced in transgenic fishes (D-F) (n= 5) compared to that 
of wild type fry (A-C) (n= 5). (G-L) Proliferation assay against phosphorylated histone H3 (PH3, 
red) and counterstained with DAPI (green). Compared to wild type fishes (G-I) (n= 5), the 
number of PH3 positive cells (red) was greatly reduced in transgenic fishes (D-F) (n=5). Dotted 
white circles indicated swimbladder. Abbreviation: g, gut. Scale bar = 200 µM. 
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Fig. 4-13. Effects of Wnt inhibition on cell apoptosis in the swimbladder. hs:∆Tcf-GFP 
heterozygous larvae and their wild type siblings were heat-shocked at 66 hpf and fixed at 72 hpf 
for TUNEL assay. (A-F) TUNEL positive cells (red) and DAPI stained cells (green) shown in 
cross section. The number of TUNEL positive cells in swimbladder was greatly increased in 
transgenic fishes (D-E) (n= 11 of 13, 85%) compared to that of wild type siblings (A-C) (n=9 of 
10, 90%). (G,H) Imaging of whole mount TUNEL stained (red) for transgenic fishes (H) and 
their wild type sibling (G). (I) Statistical assays showed that the percentage of apoptosis cells in 
heat-shocked transgenics increased from 1.45% to 9.26% (I) (p= 0.01). Note the globally 
increased number of TUNEL positive cells in (H). Dotted white circles indicate swimbladder. 
Abbreviation: g, gut. Scale bar = 200µM for all the images. 
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4.4 Inhibition of Wnt signaling by small molecule chemical IWR-1  
           The small molecule, IWR-1, is a potent and specific antagonist of Wnt signaling, because 
it targets the components that function downstream of Lrp and Dvl proteins. The potent Wnt 
signaling inhibitory activity has been examined in fin regeneration in adult zebrafish (Chen et al., 
2009). However, the use of IWR-1 in early developmental stages of the zebrafish has not been 
exploited. In the current study, IWR-1 was used to inhibit Wnt signaling in zebrafish embryos 
and its effect on swimbladder development was examined. 
4.4.1 Dosage dependent effects of IWR-1 on swimbladder specification 
        First, the dosage effect of IWR-1 was examined in zebrafish embryos. When treated with 
IWR-1 from 12 hpf, a time point critical for the specification or cell fate decision of swimbladder 
epithelial precursor cells, embryos displayed a dosage-dependent effect in swimbladder 
specification. As shown in Fig. 4-14, when Et(krt4:EGFP)sq33-2 embryos were grown in egg 
water with 1 µM and 5 µM IWR-1, the specification of swimbladder was not affected, but its 
size remained that of a bud even by 72 hpf (Fig. 4-14B, C), much smaller than that of control 
embryos (Fig. 4-14A). When the concentration of IWR-1 was increased to 10 µM and 20 µM, 
the specification of swimbladder epithelium was abrogated (Fig. 4-14D, E). Since the 
concentration of 20 µM or higher imposed substantial adverse effects on embryo development, 
10 µM of IWR-1 in egg water was used in subsequent experiments to inhibit Wnt signaling.  
4.4.2 Timing-dependence of IWR-1 treatment for swimbladder specification and growth 
        Although budding morphogenesis can only be observed at 24 hpf at the earliest (Teoh et al., 
2010) (Fig. 4-1), the specification of swimbladder epithelial cell fate occurs as early as between 
14 hpf and 16 hpf as revealed by hedgehog signaling inhibition experiments (Winata et al., 2009).  
In terms of Wnt signaling, its timing for swimbladder specification was unknown. To address 
this question, Wnt signaling was inhibited by IWR-1 at various time points. When the 
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Et(krt4:EGFP)sq33-2 embryos were treated with 10 µM IWR-1 from 12 hpf, swimbladder 
epithelium was missing as observed at 72 hpf (Fig. 4-15B), compared to untreated 
Et(krt4:EGFP)sq33-2 embryos at 72 hpf (Fig. 4-15A). However, when embryos were treated with 
10 µM IWR-1 from 14 hpf (Fig. 4-15C), 18 HPF (Fig. 4-15D), 24 hpf (Fig. 4-15E) and 30 hpf 
(Fig. 4-15F), a small epithelium bud was observed at 72 hpf, indicating that specification of 
swimbladder epithelium occurred. Therefore, IWR-1 treatment suggested that Wnt signaling is 
critical for the specification of swimbladder epithelium between 12 hpf and 14 hpf, a time point 
about two hours earlier than that of the Hedgehog requirement (Winata et al., 2009). This implies 
that Wnt signaling acts upstream of Hh signaling in controlling the specification of swimbladder 
epithelium. 
4.4.3 IWR-1 treatment affected budding of the second swimbladder chamber 
         Although the specification of the main swimbladder chamber (posterior chamber) has been 
studied (Winata et al., 2009), the program that controls the second or anterior chamber remains 
to be elucidated. To avoid disturbing the specification and early growth of the first chamber, 
IWR-1 treatment of Et(krt4:EGFP)sq33-2 embryos was carried out from 30 hpf, after the first 
swimbladder chamber had formed. As shown in Fig. 4-16, the second swimbladder chamber bud 
was formed like that of control embryos when the embryos were treated with IWR-1 at a 
concentration of 1 µM (Fig. 4-16A, B). However, when the IWR-1 concentration was increased 
to 5 µM (Fig. 4-16C), 10 µM (Fig. 4-16D) and 20 µM (Fig. 4-16E), the second chamber bud did 
not form. In addition, with the increase of IWR-1 concentration, the size of swimbladder became 
increasingly smaller (Fig. 4-16B-E). Therefore, IWR-1 treatment affected budding of the second 
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4.4.4 IWR-1 treatment affected the development of all three tissue layers 
        WISH assays were carried out on 72 hpf embryos treated with 10 µM IWR-1 from 14 hpf, 
to examine the effects of IWR-1 treatment on development of the epithelium, mesenchyme, 
smooth muscle differentiation and mesothelium, which were labeled by hb9, has2, acta2 and 
elovl1a respectively. As shown in Fig. 4-17, IWR-1 treatment disturbed the growth of the 
epithelium (Fig. 4-17A) and mesenchyme (Fig. 4-17B). Furthermore, IWR-1 treatment abrogated 
smooth muscle differentiation (Fig. 4-17C) and perturbed the organization of the mesothelium 
(Fig. 4-17D). 
4.4.5 IWR-1 treatment did not alter the expression level of sox2 and wif1 in the 
swimbladder 
         Sox2 is a Wnt target gene in Xenopus retina development (Agathocleous et al., 2009) and 
chicken neural plate (Takemoto et al., 2006). Sox2 also inhibits Wnt signaling and thereby 
disturbs osteoblast differentiation (Mansukhani et al., 2005). Since sox2 was found to be 
expressed in swimbladder (Fig. 4-1), it was interesting to see if it was regulated by Wnt signaling. 
When Wnt signaling was inhibited by 10 µM IWR-1 from 18 hpf, the expression level of sox2 
mRNA in swimbladder in treated embryos was comparable to that in control embryos (Fig. 4-
18A-D), indicating that sox2 may not be a target gene of Wnt signaling in swimbladder or its 
upstream. In addition, the expression of wif1 was also not altered in IWR-1 treated embryos (Fig. 























Fig. 4-14. Dosage-dependent effect of IWR-1 on specification of swimbladder epithelial cells. 
The Et(krt4:EGFP)sq33-2 embryos were cultured in egg water with IWR-1 addition from 12 hpf at 
a concentration as indicated, and was live-imaged for GFP fluorescence at 72 hpf. (A) Fully 
developed epithelium of swimbladder at 72 hpf in a control embryo. (B, C) The small bud of 
swimbladder epithelium in embryos treated with 1µM (B) and 5 µM (C) IWR-1. (D, E) The 
absence of swimbladder epithelium at 72 hpf in embryos treated with 10 µM (D) and 20 µM (E) 
IWR-1. Dotted circles indicate the position of swimbladder. Abbreviations: sb, swimbladder. 























Fig. 4-15. Timing of requirement of Wnt signaling for the swimbladder specification and 
growth.  The Et(krt4:EGFP)sq33-2 embryos were cultured in egg water with 10 µM IWR-1 from 
various time points, and was live-imaged at 72 hpf. (A) Normal swimbladder epithelium in 
control. (B) The lack of swimbladder epithelium in embryos treated from 12 hpf. (C-F)  Smaller 
swimbladder in embryos treated from 14 hfp (C), 18 hpf (D), 24 hpf (E) and 30 hpf (F). Dotted 
circle indicates the position of swimbladder. Abbreviation: sb, swimbladder. Scale bar: 100 µm 
























Fig. 4-16.  Dosage-dependent effect of IWR-1 treatment on the formation of the second 
swimbladder chamber. The Et(krt4:EGFP)sq33-2 embryos were cultured in egg water with IWR-
1 addition from 30 hpf at a concentration as indicated, and was live-imaged for GFP fluorescence 
at 72 hpf. (A) Normal swimbladder in control. (B) The presence of the second bud in embryos 
treated with 1 µM IWR-1. (C-E) The absence of the second bud when embryos were treated with 
IWR-1 at a concentration of 5 µM (C), 10 µM (D) and 20 µM (E).  Inserts are higher 
magnifications of boxed regions. Blue triangles indicate the region of the second bud. 




















Fig. 4-17. IWR-1 treatment affected development of all three tissue layers of the 
swimbladder. Wild type embryos were treated with 10 µM IWR-1 from 14 hpf and were 
assayed by WISH at 72 hpf. Swimbladder epithelium, mesenchyme, smooth muscle and 
mesothelium were labeled by hb9, has2, acta2 and elvol1a markers, respectively. (A, B) 
Disturbed growth of swimbladder epithelium (A) and mesenchyme (B). (C) The absence of 
smooth muscle differentiation. (D) The perturbed organization of mesothelium. Inserted boxes in 
(A-D) show normal tissues in wild type embryos. (A) Lateral view and (B-D) ventral views. The 
red arrowheads indicate swimbladder, whereas the red arrows indicate pancreas.  Scale bar: 100 

























Fig. 4-18. Expression of sox2 and wif1 was not affected by IWR-1 treatment. Wild type 
embryos were treated with 10 µM IWR-1 from 18 hpf and were assayed by WISH at 72 hpf. (A) 
Expression of sox2 in swimbladder of control embryos. (B-D) Expression of sox2 in 
swimbladder of IWR-1 treated embryos as shown by lateral view (B), ventral view (C) and at 
higher magnification (D) of boxed region in (B). (E, F) Expression of wif1 in swimbladder and 
pancreas of control embryos (E) and IWR-1 treated embryos (F). Insert in (F) represents the 
boxed region. The red arrowheads indicate swimbladder, whereas the red arrows indicate 
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4.5 Functional analysis of Wnt ligands in early swimbladder development 
4.5.1 wnt5b was required for the normal development of the swimbladder 
         Since wnt5b was expressed in the early developing swimbladder (Fig. 4-2), it is interesting 
to examine its role in the early development program of swimbladder. As shown in Fig. 4-19, 
morphants of wnt5b displayed defects in the development of all the three tissue layers of 
swimbladder. Firstly, the growth of the epithelium was greatly inhibited, but epithelium 
specification was not abrogated in morphants (Fig. 4-19A, B). Secondly, mesenchymal cells 
were specified, but their organization and growth were substantially impaired in morphants (Fig. 
4-19C, D). Thirdly, the specification of the smooth muscles in swimbladder was abrogated (Fig. 
4-19E, F). Finally, the specification of mesothelium was abolished in morphants (Fig. 4-19G, H). 
Therefore, wnt5b plays critical roles in the growth of the epithelium, growth and organization of 
mesenchyme, differentiation of smooth muscle cells, and specification of mesothelial cells in the 
early developing swimbladder.  
4.5.2 Loss of function of wnt11 alone did not disturb early swimbladder development 
         As wnt11 was expressed in the early developing swimbladder (Fig. 4-2), it is possible that 
it has a role in swimbladder development. To this end, we employed the slbtx226 mutant, which 
bears a point mutation in wnt11 coding region thereby leads to defects in the convergence and 
extension movement and un-separated eyes (Heisenberg et al., 2000). As shown in Fig. 4-20, the 
specification, growth and organization of epithelium (A), mesenchyme (B) and mesothelium (D), 
as well as smooth muscle differentiation (C) were not disturbed in slbtx226 mutant embryos as 
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4.5.3 wnt5b and wnt11 might play redundant roles in the specification of mesenchyme cells 
in the swimbladder 
        Since wnt5 and wnt11 have been reported to form a complex which enhances canonical Wnt 
signaling (Cha et al., 2009),  it is interesting to see if wnt5b and wnt11 plays synergetic functions 
in regulating early swimbladder development. To investigate the potential synergetic roles of 
wnt5b and wnt11 in the regulation of the early development of swimbladder, wnt5b MO was 
injected into both wild type and slbtx226 mutants, followed by WISH assays at 3 dpf with hb9, 
has2, acta2 and elovl1a markers for labeling of epithelium, mesenchyme, smooth muscle and 
mesothelium, respectively. No synergetic role of wnt5b and wnt11 was observed as regard to the 
normal program of epithelium, smooth muscle and mesothelium (data not shown). However, 
interestingly, a deviation of phenotype was observed in wnt5bMO injected wild type and slbtx226 
mutants. In wnt5b morpholino injected wild type embryos, the mesenchyme was specified 
although it was much smaller than that of wild embryos (Fig. 4-20E). However, in wnt5b 
morpholino injected slbtx226 mutants, the mesenchyme was totally absent (Fig. 4-10F). Therefore, 
although wnt11 alone does not affect swimbladder mesenchyme specification, it works 




















Fig. 4-19. Requirement of wnt5b for the normal development of the swimbladder. Wild type 
AB embryos were injected with 4 ng wnt5bMO at 1-cell stage and were assayed by WISH along 
with wild type embryos at 72 hpf. (A, B)The inhibited epithelium growth in morphants (B) as 
compared to wild type (A), as indicated by hb9 marker. (C, D) Diminished and disorganized 
mesenchyme in morphants (D) as compared to the normal mesenchyme in wild type embryos (C), 
as labeled by has2 marker. (E, F) Normal differentiation of smooth muscle in wild type (E) but 
abrogated in morphants (F), as indicated by acta2 marker. (G, H) Abrogation of mesothelial cells 
in morphants (H) but not in wild type embryos (G), as labeled by elovl1a. Insert in (A) showed a 
ventral view. Red arrows indicate swimbladder, whereas red arrowheads indicate pancreas islet. 






















Fig. 4-20. Mutant wnt11 alone did not affect swimbladder development but plays a 
synergetic role with wnt5b in the specification of mesenchyme cells of the swimbladder. The 
epithelium, mesenchyme, smooth muscle and mesothelium were labeled by hb9, has2, acta2 and 
elovl1a markers respectively in WISH assays at 72 hpf. (A-D) Normal specification and 
organization of epithelium (A), mesenchyme (B), smooth muscle (C) and mesothelium (D) in 
slbtx226 mutants. (E, F) The presence of mesenchyme cells in 4 ng wnt5b MO-injected AB 
embryo (A) but not in wnt5b MO injected slbtx226 mutants. The inserted boxes in (A-D) showed 
normal phenotypes in wild type embryos. Red arrowheads indicate swimbladder. Scale bar: 100 
µm for all images. 
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4.5.4 wnt1 knockdown perturbed the programs in all three tissue layers in the swimbladder 
          Although wnt1 expression in lung or swimbladder has not been reported, the discovery that 
the intrinsic innervation of the mouse lung is derived from neural crest cells (NCCs) by using of 
Wnt1-Cre-YFP reporter mice provides a clue that Wnt1 may play a role in swimbladder early 
development (Freem et al., 2010). To investigate the roles of Wnt1, a morpholino against wnt1 
was injected into the Et(krt4:EGFP)sq33-2 embryos. The injected embryos were assayed at 72 hpf 
by live imaging, and WISH staining with hb9 for epithelium, has2 for mesenchyme, acta2 for 
smooth muscle and anxa5 for mesothelium tracing. As shown in Fig. 4-21B, D, the morphants 
had a severely under-developed swimbladder epithelium bud as compared to the control embryos 
(Fig. 4-21A, C). The mesenchyme in morphants was organized, but its growth was severely 
impaired when compared to that of control embryos (Fig. 4-21E, F).  Furthermore, the morphants 
lost smooth muscle differentiation (Fig. 4-21G, H) and specification of the mesothelial cells (Fig. 
4-21I, J). Therefore, wnt1 is required for the growth of epithelium and mesenchyme, for the 
































Fig. 4-21. Wnt1 was required for the proper program in all three layers of the swimbladder. The 
Et(krt4:EGFP)sq33-2 embryos were injected with 4 ng wnt1 MO at 1 cell stage. Assays were conducted at 
72 hpf by live imaging, WISH with hb9 for epithelium, has2 for mesenchyme, acta2 for smooth muscle, 
anxa5 for mesothelium tracing. (A-D) Normal and under-developed epithelium in control (A, C) and 
morphant (B, D) embryos. (E, F) Normal and diminished mesenchyme in control (E) and morphant (F) 
embryos. (G, H) Differentiated and non-differentiated smooth muscles in control (G) and morphant (H) 
embryos. (I, J) Specified and non-specified mesothelial cells in control (I) and morphant (J) embryos. Red 
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4.6 Up-regulation of Wnt signaling by knockdown of Wnt inhibitor gene wif1 
affects early swimbladder development in zebrafish 
          Wif1 plays critical roles in the axis formation in Xenopus (Hsieh et al., 1999) as well as in 
carcinogenesis (Wissmann et al., 2003; Ai et al., 2006; Tang et al., 2009). Human Wif1 has been 
reported to bind with Xenopus Wnt3a and Wnt8 and thereby inhibit their functions (Hsieh et al., 
1999). 
4.6.1 Knockdown of the wif1 expression by antisense morpholinos 
       As shown in Fig. 4-7, wif1 is expressed in developing swimbladder from 36 hpf to 72 hpf. In 
order to examine the functions of Wif1 in early development of swimbladder, morpholino 
knockdown was carried out. As this gene has not been previously tested by the morpholino 
approach, two antisense morpholinos were designed and synthesized. One was ATG-MO, 
targeting the 5’ UTR, the other, ile2MO, targeted the splice accepter site located at the junction 
of intron 1 and exon 2 (Fig. 4-22A). The efficiency of the splicing i1e2MO was tested by RT-
PCR for the morpholino injected embryos (Fig. 4-22B). Compared to the control embryos, which 
produced a properly spliced 290 bp band, the i1e2MO injected embryos produced an additional 
440 bp band, indicating the inclusion of intron 1 when the splicing site was blocked. It was also 
found that the disturbance of splicing caused by the morpholino persisted at least until 72 hpf. 
Both the 4 ng and 8 ng i1e2MO injection achieved only a partial knockdown effect, with a 
stronger effect by the higher dose. To confirm that wif1 knockdown up-regulated Wnt signaling, 
the expression levels of two Wnt target genes, axin2 and lef1, were analyzed by Real-time PCR 
using 1 dpf embryos injected with wif1 ATG-MO (Fig. 4-22C) and i1e2MO (Fig. 4-22D), where 


















Fig. 4-22. Design and validation of wif1 morpholinos. (A) Schematic depiction of the 
designation of wif1 morpholinos. ATG-MO is against the 5’ UTR and i1e2MO targets at the 
junction of intron 1 and exon 2. Two primers for RT-PCR were designed at exon1 and exon2 to 
produce a product of 290 bp when properly spliced. (B) RT-PCR assay of the control embryos 
and i1e2MO morphants at 24 hpf and 72 hpf. The morpholino achieved partial knockdown, 
which persists until 72 hpf. (C, D) Elevated expression of axin2 and lef1 in wif1 ATG-MO (C) 
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4.6.2 Morpholino validation by p53 dependence analysis and mRNA rescue 
         To examine the specificity of the ATG-MO, a 5-bp mis-match morpholino was synthesized 
and injected at 1-cell stage with the same dosage as that for the ATG-MO injected 
Et(krt4:EGFP)sq33-2 embryos. Compared to the wide type (Fig. 4-23A), the wif1 ATG-MO and 
ile2MO injected morphants showed shortened body length, deformed trunk and disturbed brain 
at 24 hpf (Fig. 4-23B-D, F-H) and 72 hpf (Fig4-23J-L, N-P). Normally developed swimbladders 
were observed in both mis-ATG-MO injected embryos (Fig. 4-23I) and wild type embryos 
(insert in Fig. 4-23M). To rule out the possibility that the wif1 morpholino caused off-target 
effects by activating p53, we co-injected the ATG-MO and i1e2MO with p53-MO. Compared to 
wild type (Fig. 4-23A), identical disturbed phenotypes were observed in ATG-MO injected 
embryos (Fig. 4-23B, J) and ATG-MO/p53-MO co-injected embryos (Fig.  4-23C, K) as 
observed at both 24 hpf and 72 hpf. Similar results were also observed from the i1e2MO 
morphants with or without co-injection of p53-MO (Fig. 4-23F, N, G, O). To examine the 
requirement and specificity of the ATG-MO and i1e2MO, rescue of the morphants by 
corresponding mRNA was performed. Morphant phenotypes were successfully rescued in both 
ATG-MO (Fig. 4-23D, L) and i1e2MO (Fig. 4-23H, P) at 24 hpf as well as 72 hpf. Therefore, 
both wif1 Atg-MO and i1e2MO displayed a high specificity and p53 independence.  
4.6.3 wif1 morpholino knockdown affects the early development of swimbladder 
          To examine the effects of knockdown of wif1 by the ATG-MO and i1e2MO, the two 
morpholinos were tested with various dosages using the Et(krt4:EGFP)sq33-2 embryos, which 
express GFP in the epithelium of swimbladder. The optimized dosages for ATG-MO and 
i1e2MO were 0.5 ng and 4 ng, respectively, which gave similar similar phenotype with 
shortened trunks and under-developed somites (Fig. 4-23B, F) at 24 hpf. At 72 hpf, the majority 
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of the morphants showed only a small swimbladder bud (Fig. 4-23J, N), as compared to the 
control embryos which possessed a complete swimbladder including the second swimbladder 
chamber (Fig. 4-23I). The detailed statistics and classification of morphant phenotypes at 72 hpf 
are summarized in Table 4-2. The morphant were classified into type I and type II. Type I fishes 
displayed a small swimbladder epithelium bud, and moderately truncated trunk at 72 hpf, 
whereas type II fish exhibited more severe defects with absent swimbladder epithelium bud and 
severely truncated trunk. WISH staining of hb9 marker at 36 hpf and GFP expression at 54 hpf 
(Winata et al., 2009) in type I morphants (not shown) revealed that the defective phenotype was 
not the result of an overall delay of development. Therefore, wif1 is required for proper 
development program of swimbladder in zebrafish.  
 
Table 4-2     Morphological phenotype of wif1  morphants at 3 dpf 
 
    Phenotype 
MO Total Type I Type II Normal 
ATG MO (0.5 ng) 226 71%(160) 18%(40) 12%(27) 
ATG MO (1.0 ng) 261 41%(107) 57%(149)      2%(5) 
i1e2 MO (4 ng) 235 70%(165) 8%(19) 22%(52) 
i1e2 MO (8 ng) 210 44%(92) 51%(107) 5%(11) 
Mis MO( 1 ng) 122 0%(0) 0%(0) 100%(122) 
 
Type I: small swimbladder epithelium bud, moderately truncated trunk. 





















Fig. 4-23. Validation and rescue of wif1 morphants. Et(krt4:EGFP)sq33-2 embryos were 
injected with wif1 morpholinos and mRNA. (A-D) Normal development in wild type (A), 
perturbed development in 0.5 ng ATG-MO (B) and in ATG-MO co-injected with 1.5 fold p53-
MO (C), and rescued development in ATG-MO co-injected with 200 pg wif1 mRNA (D) at 24 
hpf. (E-H) Normal development in wild type (E), perturbed development in 4 ng i1e2MO (F) and 
in i1e2MO co-injected with 1.5 fold p53-MO (G), and rescued development in i1e2MO co-
injected with 500 pg wif1 mRNA (H) at 24 hfp. (I-L) Normal swimbladder in wild type (I), 
perturbed development in 0.5 ng ATG-MO (J) and in ATG-MO co-injected with 1.5 fold p53-
MO (K), and rescued development in ATG-MO co-injected with 200 pg wif1 mRNA (L) at 72 
hpf. (M-P) Normal swimbladder in wild type (M), perturbed development in 0.5 ng ATG-MO (N) 
and in ATG-MO co-injected with 1.5 fold p53-MO (O), and rescued development in ATG-MO 
co-injected with 500 pg wif1 mRNA (P) at 72 hpf. Red arrowheads indicate swimbladder. Scale 
bar: 100 µm for all images. 
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4.6.4 wif1 morpholinos knockdown disturbs the development of epithelium, mesenchyme, 
mesothelium and smooth muscle differentiation 
        To further examine the effects of Wif1 knockdown on swimbladder development, control 
and morphant embryos were assayed by WISH at 72 hpf, using hb9, has2, anxa5 and acta2 
probes to trace the development of the epithelium, mesenchyme, mesothelium and smooth 
muscles differentiation, respectively. The ATG-MO and i1e2MO showed a similar effect on the 
development of the epithelium. Compared to swimbladder in wild type embryos (Fig. 4-24A), 
the morphant swimbladder was a small bud, not exceeding the location of the pancreas (Fig. 4-
24B, C). The mesenchyme of swimbladder was well specified and organized, but much reduced 
in size in the morphants (Fig. 4-24E, F) compared to that of wild type embryos (Fig. 4-24D). The 
differentiation of mesenchyme cells into smooth muscle cells was abrogated in the morphants 
(Fig. 4-24H, I), as compared to that in wild type embryos (Fig. 4-24G). In addition, the 
specification of the mesothelial cells was not abrogated, but their organization was disturbed in 
the morphants (Fig. 4-24K-L). Therefore, wif1 is not required for the specification of cells of all 
three layers, but is indispensible for the growth of swimbladder epithelium and mesenchyme, the 
























Fig. 4-24. Effects of wif1 morpholino knockdown on the development of three tissue layers 
of the swimbladder. All embryos were assayed at 72 hpf by WISH. (A) Normal swimbladder 
epithelium as revealed by hb9 expression. (B-C) Greatly diminished swimbladder epithelium in 
morphants of ATG-MO. (B) and i1e2MO (C). (D-F) has2 labeled normal swimbladder 
mesenchyme in wild type (D) and size-reduced mesenchyme in morphants (E, F). (G-I) acta2 
labeled differentiated smooth muscle in wide type embryos (G) and absent smooth muscle in 
swimbladder region (red arrowhead) in morphants (H, I). (J-L) anxa5 labeled organized 
mesothelium in wild type (J) and disorganized mesothelium in morphants (K, L). Abbreviations: 
p, pancreas; sb, swimbladder. Scale bar: 100 µm for all images. 
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4.7 Crosstalk between Wnt and Hh signaling in swimbladder development  
        Since crosstalk between Wnt and Hh signaling have been reported in regulation of 
mammalian lung development (Li et al., 2005; Rajagopal et al., 2008), it is interesting to 
investigate whether these pathways interact in the regulation of swimbladder development in 
zebrafish.  
4.7.1 Wnt signaling maintained Hh signaling and was negatively regulated by Hh signaling 
The expression levels of genes encoding Hh signaling components including shh, ihh and 
ptc1 (Winata et al., 2009) in swimbladder were greatly reduced in heat-shocked hs:Dkk1-GFP 
embryos (Fig. 4-25D-F) compared to those in wild type control (Fig. 4-25A-C). These results 
suggested that Wnt signaling is required to maintain the expression of Hh components in 
swimbladder. We then investigated whether Hh signaling regulates Wnt signaling in 
swimbladder development by examining the expression of Wnt target genes, axin1, axin2 and 
lef1 in two Hh pathway mutants, smob641, in which Hh signaling is completely deprived due to a 
mutation in the co-receptor gene smoothened (Barresi et al., 2000), and syut4, which is partially 
deficient in Hh signaling due to a shh mutation (Schauerte et al., 1998). We demonstrated that 
axin1 and axin2 were expressed in swimbladder from 36 hpf (not shown) to 72 hpf (Fig. 4-25G’, 
J’, long staining for 5 hours). We also found that the expression levels of axin1 and axin2 were 
substantially elevated at 72 hpf in both smob641 (Fig. 4-25H, K) and syut4 (Fig. 4-25I, L) mutants 
compared to those in the wild type controls (Fig. 4-25G, J). Taken together, these data imply that 
Hh signaling is maintained by Wnt signaling and plays a negative feedback loop on Wnt 
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4.7.2 Hh signaling is required to maintain wif1 expression 
         Hedgehog signaling has been shown to function upstream of Wnt signaling in mouse 
embryos to promote osteoblast maturation during endochondral bone formation (Day and Yang 
2008). The oncogene-regulated high Hh-Gli1 activity down-regulates the Wnt-Tcf activity, 
leading to the transition of colon carcinomas in human (Varnat et al., 2010). Since wif1 is an 
inhibitor of Wnt signaling, it is interesting to investigate if it is regulated by Hh signaling. The 
expression level of wif1 in wide type embryos, smob641 mutant, and an ihha morphant were 
assayed by WISH three times. As shown in Fig. 4-26, the expression of wif1 in swimbladder and 
in the ventral brain was persistent in wild type embryos (Fig. 4-26A) (n=15/15), syut4 mutants 
(Fig. 4-27B) (n=18/18) and ihha morphants (n=22/22) (Fig. 4-26C). However, the expression of 
wif1 was not detected in either swimbladder or the ventral midbrain (Fig. 4-26D) in smob641 
mutants (n=21/21), which featured a total loss of Hh signaling. Therefore, Hh signaling is 









































Fig. 4-25. Crosstalk of Wnt and Hh signaling in swimbladder development. (A-C) 
Expression of shh (A), ihh (B) and ptc1 (C) in swimbladder of wild type fry at 72 hpf. These 
wild type fry were heat-shocked at 66 hpf and fixed at 72 hpf prior to WISH. (D-F) Decreased 
expression of shh (D), ihh (E) and ptc1 (F) in swimbladder of hs:Dkk1-GFP fry after heat-shock. 
(G and J) Non-detectable expression of axin1 and axin2 after short staining (1 hour) in wild type 
embryos. (G’ and J’) Expression of axin1 (G’) and axin2 (J’) in swimbladder in wild type fry 
(long staining for 5 hours). (H and I) Increased expression of axin1 in smob641 (H) and syut4 (I) 
embryos at 72 hpf. (K and L) Increased expression of axin2 in smob641 and syut4 embryos at 72 




















Fig. 4-26. Requirement of Hh signaling for wif1 expression. The expression of wif1 was 
assayed by WISH at 72 hpf. (A) Expression of wif1 in swimbladder of wild type embryos. (B-D) 
Expression of wif1 in swimbladder of syut4 mutants (B), ihha morphants (C) and smob641 mutants 
(D). The red arrowheads indicate swimbladder, whereas the red arrows indicate ventral midbrain. 
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4.8 Crosstalk between Wnt signaling and tbx2a signaling regulates the early 
swimbladder development 
         Crosstalk between Wnt signaling and Tbx signaling has been reported in zebrafish where 
Wnt signaling is mediated by tbx2b to regulates cell migration in the formation of the neural 
plate (Fong et al., 2005). Tbx2 also represses cell proliferation both in vivo for the development 
of the heart (Ribeiro et al, 2007) and eye (Behesti et al., 2009) and in vitro by repressing of Cx43 
(Boogerd et al., 2008; Chen et al., 2004). It is interesting to investigate if Tbx also interacts with 
Wnt signaling in swimbladder development. 
4.8.1 Expression of tbx2a in early developing swimbladder 
         The expression of tbx2a in swimbladder was revealed by WISH.  At 36 hpf, tbx2a was 
strongly expressed in swimbladder bud precursor cells (Fig. 4-27A, B). At 48 hpf, the expression 
persisted in swimbladder (Fig. 4-27C) and is restricted to the mesenchyme of swimbladder and 
gut (Fig. 4-27D). This mesenchymal restricted expression in swimbladder was maintained at 72 
hpf (Fig. 4-27E, F). Therefore, tbx2a is expressed in the mesenchymal cells or precursors from 
36 hpf and 72 hpf, which implies that Tbx2a plays a role in the early development of 
swimbladder.  
 4.8.2 tbx2a knockdown mimics the effects of Wnt signaling on suppressing development of  
the three tissue layers of the swimbladder 
      To investigate the functions of tbx2a in the early development of swimbladder, a i1e2 
splicing morpholino was injected into 1-cell embryos of Et(krt4:EGFP)sq33-2 transgenics. At 3 
dpf, swimbladder in the morphants was a small bud as compared to that of the control embryos 
(Fig. 4-28A, B). The mesenchyme labeled by has2 was properly organized, but the size was 
greatly reduced (Fig. 4-28C, D). Furthermore, acta2 labeled smooth muscle differentiation was 
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abrogated in the morphants as compared to controls (Fig. 4-28E, F). The mesothelial cells, as 
labeled by elovl1a, was specified and differentiated, but their organization is perturbed (Fig. 4-
28G, H). Therefore, the tbx2a MO injected embryos mimic the phenotypes of Wnt signaling 
inhibited embryos, suggesting that Wnt signaling is modulated by Tbx.  
4.8.3 Expression of Tbx2a target gene cx43 in the early swimbladder 
      The gap junction protein Connexin43 (Cx43) is a target of Tbx2, which represses cx43 
thereby to inhibit cell proliferation both in vitro (Boogerd et al., 2008; Chen et al., 2004) and in 
vivo for the development of the heart (Ribeiro et al, 2007) and eye (Behesti et al., 2009). 
According to ZFIN online data (Thisse et al., 2004), cx43 is expressed bilaterally at the 
pronephric primordia. Our WISH data revealed that, in addition to the bilateral pronephric 
proimordia, cx43 was also expressed in swimbladder primordia at 36 hfp (Fig. 4-29A, B). cx43 
expression in swimbladder was maintained at 48 hpf (Fig. 4-29C) and 72 hfp (Fig. 4-29D-F), and 
in cross section, the expression of cx43 was seen restricted to the mesenchyme of swimbladder at 
72 hpf (Fig. 4-29F). The co-expression of tbx2a and its negatively regulated target gene cx43 
(Ribeiro et al, 2007) in the mesenchyme of swimbladder implies a fine-tuned balance is required 
























Fig. 4-27. Expression of tbx2a in the early swimbladder development. The expression was 
assayed by WISH followed by transverse cryo-section. (A, B) Expression of tbx2a at 36 hpf as 
shown by WISH (A) and cross section (B). (C, D) Expression of tbx2a at 48 hpf as shown by 
WISH (C) and cross section (D). (E, F) Expression of tbx2a at 72 hpf as shown by WISH (E) and 
in cross section (F). The white lines in (A, C, E) represent the planes of cross section in (B, D, F), 
respectively. Red arrowheads indicate swimbladder region. Abbreviations: g, gut; m, 
mesenchyme. Scale bar in A= 100 µm applies to all whole mount images; Scale bar in B= 200 
























Fig. 4-28. Tbx2a mimics inhibition of Wnt signaling in the early swimbladder development. 
The Et(krt4:EGFP)sq33-2 embryos were injected with tbx2a i1e2MO and phenotypes were 
assayed by WISH and GFP live imaging. (A, B) The epithelium in control (A) and in morphant 
(B). (C, D) has2 labeled mesenchyme in control and morphants. (E, F) The presence and absence 
of acta2 labeled smooth muscles in control and morphants. (G, H) The organization and 
perturbed organization of elovl1a labeled mesothelial cells in control and morphants. Red arrows 




















Fig. 4-29. Expression of cx43 in the early development of the swimbladder. (A) Expression 
of cx43 in swimbladder at 36 hpf. (B) Higher magnification of the boxed region in (A) showing 
expression of cx43 in swimbladder (circled with dotted line) and the bilateral pronephric 
primordia (red arrows). (C) Expression of cx43 in swimbladder (red arrowhead) and pronephric 
primordia (red arrow) at 48 hpf. (D-F) Expression of cx43 in swimbladder mesenchyme at 72 hpf 
as shown in lateral view (D), ventral view (E) and cross section (F). Abbreviations: g, gut; m, 
mesenchyme; sb, swimbladder. Scale bar in A= 100 µm applies to all whole mount images; 
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4.8.4 Wnt signaling represses tbx2a expression while enhances cx43 expression in the 
swimbladder 
         Since the knockdown of wif1 and tbx2a led to similar defects for epithelium growth, 
mesenchyme growth, smooth muscle differentiation and mesothelium organization in early 
swimbladder development, it is interesting to examine the possible interaction between Wnt and 
tbx2a signaling. To obtain a better view of swimbladder at 72 hpf, wild type embryos were 
treated with IWR-1 from 66 hpf and were assayed by WISH at 72 hpf. The expression level of 
tbx2a was substantially elevated (Fig. 4-30B) when transcripts were not detected in control 
embryos (Fig. 4-30A).  In contrast, the expression of cx43 in IWR-1 treated embryos was greatly 
reduced (Fig. 4-30C, D), similar to that of the two Wnt target genes axin2 (Fig. 4-30E, F) and 
lef1 (Fig. 4-30G, H). Therefore, Wnt signaling inhibits expression of tbx2a, and accordingly 
promotes the expression level of cx43.  
4.8.5 Wnt signaling but not wif1 is negatively regulated by tbx2a 
        Given that tbx2a expression was negatively regulated by Wnt signaling, the effects of tbx2a 
on Wnt signaling remained unclear. To this end, the expression levels of wif1 and two Wnt target 
genes, axin2 and lef1, were examined in tbx2a morphants and control embryos at 72 hpf. The 
expression of lef1 was elevated in tbx2a morphants (Fig. 4-31A, B), similar to the increased 
expression of axin2 in tbx2a morphants (Fig. 4-31C, D). However, no significant changes in wif1 
expression levels were observed in tbx2a morphants (Fig. 4-31E, F). Therefore, these data 























Fig. 4-30. Blocking of Wnt signaling enhances tbx2a expression but inhibits cx43 expression. 
Wild type embryos were treated with 10 µM IWR-1 from 66 hpf and assayed by WISH at 72 hr 
together with untreated controls. (A, B) tbx2a expression in control (A) and IWR-1 treated 
embryos (B).  (C, D) cx43 expression in swimbladder of control (C) and treated embryos (D). (E-
H) Reduced expression of axin2 and lef1 in treated embryo (F, H).  Red arrowheads indicate 



















Fig. 4-31. tbx2a negatively regulates Wnt signaling but not wif1 expression. WISH assays 
with 1-hour short staining were performed for control embryos and tbx2a morphants at 72 hpf. 
(A, B) lef1 expression in control (A) and tbx2a morphants (B), respectively. (C, D) axin2 
expression in control (C) and morphants (D), respectively. (E, F) Similar staining of wif1 
expression in control (E) and morphants (F). The Red arrowheads indicate swimbladder, whereas 




                                                                                                                                          Chapter IV 
4.9 Discussion  
4.9.1 The conserved and non-conserved expression patterns of genes suggest the 
conservation and deviation of the fish swimbladder and tetrapod lung 
         The fish swimbladder has long been considered as a counterpart of the mammalian lung, 
because swimbladder is developed from the anterior intestine in a position that is the same for 
the lung evagination in tetrapods. The comparative anatomy of the tetrapod lung and fish 
swimbladder suggested that they share the same ancestral origin, the respiratory pharynx in the 
foregut (Wassnetzov, 1932). In the three models including zebrafish, Xenopus, and mouse, this 
“counterpart” displays an increasingly complicated structure. Compared to the highly 
complicated, branched lung, the adult zebrafish swimbladder is just a tandem connection of two 
simple sacs without any kind of branches (Winata et al., 2009). In the intermediate model, 
Xenopus, the lung consists of simple bilateral, spindle shaped sacs, which are connected directly 
to the larynx (Okada et al., 1962). In mouse, the lung is a highly complicated organ with 
extensive branching morphogenesis (Hogan, 1999). Although surfactant related genes such as 
sftpc/sftpa have been cloned in mouse (Glasser et al., 1990; Khoor et al., 1994) and Xenopus 
(Hyatt et al., 2007), they have not been cloned in fish. Nevertheless, the positive staining with 
the antibody against human SFTPA suggested the presence of a similar surfactant protein in fish 
(Weaver et al., 1991; Power et al., 1999; Rubio et al., 1996). So far, however, there is no similar 
sequence identified from available genome data. Beyond the surfactant antibody staining, 
expression patterns of the corresponding gene will also provide clues to elucidate the 
conservation and deviation between fish swimbladder and tetrapod lung.  
        In terms of wnt7b expression, the patterns displayed both conservation and deviations 
among these models. The earliest wnt7b expression in the lung bud was detected at stage 37/38 
in Xenopus, and was restricted to the epithelial cells of the entire epithelium layer of the lung,  
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where the lung epithelial precursors are committed and lung bud formation has been initiated. In 
mouse, Wnt7b expression is restricted only to the distal airway epithelium (Shu et al., 2002). To 
our surprise, the expression of wnt7b in swimbladder of zebrafish from 36 hpf to 72 hpf was not 
found in our study. This may imply that, consistent with the structural differences between 
swimbladder and lung, wnt7b is not required for the developmental program of swimbladder, 
where there is no branching morphogenesis. 
        The expression patterns of wnt5b were more conserved than that of wnt7b across the species. 
Our data from zebrafish and Xenopus models show that wnt5a/b was expressed in the lung and 
swimbladder, in agreement with its existence in mammalian lung. However, the detailed 
expression pattern of wnt5a differs across the models. In Xenopus, WISH data show that wnt5a 
was expressed in the lung from stage 39 to stage 41, and is restricted to the mesenchyme layer 
(Yin et al., 2010). This expression pattern is different from wnt5a expression in mammalian lung, 
where wnt5a is expressed in both lung epithelium and adjacent mesenchyme (Li et al., 2002).  
The absence of wnt5a expression in Xenopus lung epithelium suggests that wnt5a is not essential 
for the inhibition of mesenchyme growth and branching of the epithelial airway, as it is in mouse 
(Cohen et al., 2009). In the zebrafish swimbladder, the expression of wnt5b was restricted to the 
entire mesenchyme, similar to the pattern in Xenopus. Furthermore, our data show that the wnt5b 
knockdown resulted in various defects in swimbladder development including diminished 
epithelium, size-reduced and disorganized mesenchyme, ablation of smooth muscle 
differentiation, and loss of mesothelial cell specification. The similar expression patterns of wnt5 
in zebrafish and Xenopus, which is different from that of mouse, suggest that Xenopus is a good 
intermediate model for studying the link between the fish swimbladder and mammalian lung. 
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         The expression of wif1 in mammalian lung has not been reported. However, according to 
our data, wif1 is expressed in both zebrafish swimbladder and Xenopus lung. In zebrafish, wif1 
expression is restricted to the epithelium, which is different from that of the Xenopus lung, where 
expression is restricted to the mesenchyme (Yin et al., 2010). The differential expression of wif1 
in zebrafish swimbladder and Xenopus lung on one hand supports the conservation between 
swimbladder and lung, while on the other hand it implies the deviation in programming has 
occurred during the long history of evolution.  
        In the mouse lung, shh is expressed throughout the epithelium during early stages, where it 
diffuses to exert signaling in the mesenchyme through patched (Ptch1)/smoothened (Smo) and 
their transcriptional effectors Gli1, Gli2 and Gli3 (Bellusci et al., 1997). shh is required for 
proliferation of mesenchymal cells (Litingtung et al., 1998) and the differentiation of the lung 
mesenchyme into smooth muscle cells (Weaver et al., 2003). During later stage of lung 
development, shh is expressed at the tip of the epithelial buds, and it regulates branching 
morphogenesis of the lung by regulating the spatial expression pattern of fgf10 (Pepicelli et al., 
1998; Litingtung et al., 1998). In zebrafish, shh is expressed in the entire epithelium of 
swimbladder during early developmental stages, and is required for proper development of 
swimbladder, including epithelium specification and growth, mesenchyme growth, mesothelium 
growth and organization (Winata et al., 2010). According to our data, shh is expressed in a 
narrow window (stage 41) in Xenopus, and is restricted to the very proximal part of the lung 
epithelium (Yin et al., 2010). This implies that shh is implicated in the control of early lung 
development in a more proximal part of the Xenopus lung. The differential expression of shh in 
zebrafish swimbladder and Xenopus lung suggests the conservation between swimbladder and 
lung and strengthens the idea of the deviation of the two organs during the history of evolution.  
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4.9.2 The genetic strategies for the study of swimbladder development 
         When studying developmental processes, spatial and temporal gene up-regulation or 
knockdown is desirable. In recent years, a number of new techniques aiming at spatial or 
temporal gene manipulation have been developed. One increasingly popular technique is to use 
heat-shock promoters to drive a gene of   interest, as heat-shock treatment of embryos or adult 
fish can be performed at any time point. In zebrafish, two heat-shock transgenic lines, hs:Dkk1-
GFP (Stoick-Cooper et al., 2007) and hs:∆Tcf-GFP (Lewis et al., 2004), were created to knock-
down canonical Wnt signaling. The heat-shock lines are powerful tools to achieve temporal 
knockdown or up-regulation of a specific gene. However, several intrinsic drawbacks also exist 
in the use of these transgenic lines. Firstly, heat-shock can only achieve global activation of a 
gene in the organism, and the strength of the activation may vary in different organs with an 
unpredictable pattern. Secondly, heat-shock may also affect normal development. Last but not 
least, the efficiency of knockdown or up-regulation may vary from gene to gene. Since the GFP 
protein is fused with a target protein, the activity of both GFP and the target protein will vary, 
dependent on the 3-D structure interactions between the GFP protein and the target protein. In 
our current study, the hs:∆Tcf-GFP line produces much higher efficiency than that of hs:Dkk1-
GFP line in terms of blocking the Wnt signaling pathway.  
       Another technique, and maybe the most ideal one, involves using tissue – specific promoters 
to drive gene expression. Some promoters retain cross-species activity (Reinhard et al., 1994; 
Westerfield et al., 1992), as evident with human and rabbit promoters to drive lung-specific sftpc 
expression in mouse (Li et al., 2005; Adams et al., 2001).  In our current study, the Xenopus 
tropicalis sftpc promoter was successfully activated in Xenopus laevis. However, the activation 
of this promoter in zebrafish was unsuccessful. There maybe two reasons here: first, the sftpc 
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gene homolog does not exist in zebrafish, thus the molecular mechanisms that control the 
expression of sftpc is lacking; second, the mechanism that control sftpc expression is not 
conserved between Xenopus tropicalis and zebrafish, but is conserved between X. tropicalis and 
X. laevis since they are very close relatives; third, the 3.2 kb promoter we cloned is not large 
enough to include all necessary cis-elements that control sftpc expression in zebrafish. In this 
case, cloning a longer promoter seems plausible.  
4.9.3 Timing of swimbladder specification and morphogenesis among endoderm organs 
         The initial budding of swimbladder has been reported at around 36 hpf (Field et al., 2003). 
This result as well as previous anatomical studies (Finney et al., 2006; Robertson et al., 2007) 
established swimbladder as a “late” developing organ than other endodermal organs such as liver 
and pancreas, whose progenitors can be identified as early as 16 hpf (Kikuchi et al., 2000; Roy et 
al. 2001; Korzh et al., 2001).  Whereas the earliest swimbladder markers are pbx1 (Teoh et al., 
2010) at 28 hpf and prdc (Muller et al., 2006), our analysis shows that sox2 expression was 
detected as early as 24 hpf, indicating that the epithelium precursors can be identified around or 
earlier than 24 hpf. This shifts the beginning of swimbladder development to an earlier time 
point, which is only slightly later compared to the “early” identifiable liver and pancreas at 18hpf. 
Heat-shocked hs:∆Tcf:GFP fish survive only when heat-shock was performed after 18 hpf (not 
shown), which failed to abrogate the specification of swimbladder epithelium. These results 
indicate that the cell fate of swimbladder epithelium precursors might be specified earlier than 18 
hpf. This speculation is supported by our data from results with a small molecule IWR-1. Our 
IWR-1 treatments showed that blocking Wnt signaling at 12 hpf led to the loss of epithelium 
specification. This result is in agreement with a previous report (Winata et al., 2009), which 
showed that the epithelium precursors are specified as early as the segmentation period. Since 
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the requirement of Hh signaling for the specification of swimbladder epithelium is between 14 
hpf to 16 hpf, which is 2 hours later that the requirement of Wnt signaling, the latter might be act 
upstream of Hh signaling in controlling the specification of swimbladder epithelium. 
Furthermore, the liver and pancreas progenitors are specified in the rostral endoderm just anterior 
to the foregut tube and share a common progenitor. The specification of progenitors of 
swimbladder epithelium at 18 hpf or earlier supports an idea that they belong to a common pool 
of progenitors shared with liver and pancreas in the rostral endoderm, which arises independent 
of those in the gut tube (Wallace et al., 2003). Therefore, our study suggests that swimbladder 
epithelium precursor cells are specified before 18 hpf, establishing swimbladder as an “early” 
developed organ, comparable to the other “early” organs such as liver and pancreas. 
4.9.4 Differential efficiency and impact of blocking Wnt signaling on swimbladder 
development 
        It appears that the two transgenic lines have different degrees of Wnt signaling inhibition 
following heat-shock in both hs:Dkk1-GFP and hs:∆Tcf-GFP lines, Wnt signaling was blocked 
at various time points. First, GFP expression in swimbladder in heat-shocked hs:∆Tcf-GFP 
larvae was stronger than that in hs:Dkk1-GFP larvae, which is further supported by the changes 
in expression level of Wnt target genes. In swimbladder epithelium, the phenotype of larvae 
heat-shocked at 12 hpf and 36 hpf in the hs:Dkk1-GFP line mimicked the phenotype of larvae 
heat-shocked at 36 hpf and 48 hpf in the hs:∆Tcf-GFP line. The mesenchyme phenotype in 
hs:∆Tcf-GFP larvae heat-shocked at 36 hpf mimics that of hs:Dkk1-GFP larvae heat-shocked at 
12 hpf. A similar phenomenon was also observed for the outer mesothelium as the heat-shock of 
hs:Dkk1-GFP embryos at 30 hpf and 36 hpf gave the same phenotype as the heat-shock of the 
hs:∆Tcf-GFP line at 42 hpf and 48 hpf. These functional differences might also be due to the fact 
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that the two components act at different levels of Wnt signaling. For example, Dkk1 acts 
extracellularly and its effects could be attenuated at various intermediate levels, whereas Tcf acts 
at the promoter level to directly control the transcription of target genes. Furthermore, the 
affinity of Dkk1 to Lrp5/6 co-receptors and the competition among Wnt antagonists (Niehrs, 
2006), might also account for the low efficiency in the hs:Dkk1-GFP line. In addition, the 
functional differences might also be partially due to the differentially activated signaling from 
the adjacent notochord and somites, as previously reported (Ober et al., 2006). Last but not least, 
the efficiency of both proteins could be compromised to some extent by the GFP-tag. Compared 
to previous studies, which utilized these two transgenic lines to conditionally block Wnt pathway, 
without addressing the different efficiency of the heat-shocks (Stoick-Cooper et al., 2007), our 
study reveals that heat-shock of hs:∆Tcf-GFP larvae caused more severe Wnt inhibition than the 
same treatment on hs:Dkk1-GFP larvae. Whatever the reason, both live imaging and functional 
study shows that in both transgenics some level of Wnt inhibition is achieved and defects on 
swimbladder development are observed. 
4.9.5 Wnt signaling is required for formation of the anterior chamber bud of swimbladder  
        The bud of the anterior chamber of swimbladder is formed at 60 hpf and inflated at around 
20 dpf (day post-fertilization), when a fully functional swimbladder is developed (Winata et al., 
2009). Although the mechanisms of Hh (Winata et al., 2009) and Wnt (this study) signaling that 
regulates development of the main swimbladder chamber were investigated, no effort has been 
made to investigate the mechanisms involved in the formation of the anterior swimbladder bud. 
In this study, we found that the anterior swimbladder bud was affected by blocking Wnt 
signaling. In hs:Dkk1-GFP embryos heat-shocked from 30 hpf or earlier, the anterior bud was 
missing, but formed when they were heat-shocked from 36 hpf or later. Similarly in hs:∆Tcf-
160 
 
                                                                                                                                          Chapter IV 
GFP embryos, the anterior chamber bud was absent when transgenic embryos were heat-shocked 
from 42 hpf or earlier, but was properly formed when heat-shock was initiated from 48 hpf or 
later. Taken together, these results suggest that Wnt signaling is essential for the specification 
and morphogenesis of the bud of anterior chamber of swimbladder. This finding is reminiscent 
of the roles of Wnt signaling in mouse lung branching morphogenesis, where inhibition of 
canonical Wnt signaling decreased branching (Li et al., 2002; Shu et al., 2005). Thus, the 
budding of the anterior chamber in the fish swimbladder could be a primitive event of branching 
morphogenesis. Thus, our study further reinforces the conserved role of Wnt signaling in 
branching morphogenesis between lung and swimbladder. 
4.9.6 Crosstalk among different tissue layers during early swimbladder development 
         It has been shown that growth of the mouse lung epithelium and mesenchyme is 
coordinately regulated by Wnt7b (Rajagopal et al., 2008). The crosstalk between zebrafish 
swimbladder epithelium and mesenchyme involves Hh signaling (Winata et al., 2009). To 
investigate if Wnt signaling also plays a role in the crosstalk, we analyzed what happens when 
each tissue layer of swimbladder is missing. Firstly, we examined the relationship between the 
epithelium and mesenchyme. When the epithelium was severely reduced, the mesenchyme cells 
were missing (not shown). When the epithelium bud formed, mesenchyme cells were present and 
properly organized. These observations suggest that specification and organization of 
mesenchyme require a critical number of the epithelial cells, which is in concert with our 
previous report on a role of Hh signaling in swimbladder development (Winata et al., 2009). 
Secondly, we examined the relationship between epithelium and differentiation of smooth 
muscle. Whenever the epithelium was not fully organized, mesenchyme cells failed to 
differentiate into smooth muscle. Smooth muscle differentiation occurred only when the full 
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structure of epithelium formed. These results therefore imply that a fully organized epithelium is 
required for smooth muscle differentiation in the mesenchyme, in accordance with a previous 
report (Winata et al., 2009). Thirdly, we examined the relationship of epithelium and 
mesenchyme in the organization of the outer mesothelium. Mesothelial cells do not appear until 
the mesenchyme cells were specified. This implies that in this case the specification of 
mesothelial cells is dependent on the specification of mesenchymal cells, in comparison to the 
Hh signaling, which is required not only for specification, but also for organization and 
proliferation of mesothelial cells (Winata et al., 2009). The correlation of the disorganization of 
the outer mesothelium with the incomplete epithelium and the proper organization of 
mesothelium with well-formed epithelium suggests that the proper patterning of the outer 
mesothelium by canonical Wnt signaling depends more on the proper organization of the 
epithelium than that in the case of Hh signaling (Winata et al., 2009). Finally, in agreement with 
our previous report (Winata et al., 2009), the concurrent occurrence of the proper organization of 
the outer mesothelium and the differentiation of smooth muscle may imply that its organization 
requires the differentiation of smooth muscles. Taken together, in addition to addressing 
crosstalk between epithelium and mesenchyme (Rajagopal et al., 2008; Winata et al., 2009), our 
study reveals the crosstalks between epithelium/mesenchyme and the outer mesothelium.  
4.9.7 Crosstalk of Wnt signaling with Hh signaling and Tbx signaling 
       Similar to Wnt signaling, Hh signaling plays critical role in embryogenesis, adult tissue 
homeostasis, and tumorigenesis.  The interaction between Wnt signaling and Hh signaling has 
been widely reported in mouse osteoblast maturation (Day and Yang 2008), human colon 
carcinomas (CCs) metastatic transition (Varnat et al., 2010), and human smoke-induced lung 
tumors (Lemjabbar et al, 2006). This interaction has also been revealed in the development of the 
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mouse lung, where wnt5a inhibits shh expression, thus repressing the proliferation of lung 
mesenchyme cells (Shu et al., 2002; 2005). In zebrafish, Hedgehog limits the range of Wnt to 
regulate formation of olig2(+) neurons (McFarland et al., 2008). According to our current results, 
on one hand Wnt signaling is required to maintain the expression of Hh components in 
swimbladder during the early stages. On the other hand, Hh signaling is required for maintaining 
appropriate levels of Wnt signaling. Therefore, our data suggests that Hh signaling is maintained 
by Wnt signaling and works in a negative feedback loop on Wnt signaling during the early 
swimbladder development.  
        The T-box family of genes encodes proteins required for various developmental programs 
in a diverse group of organisms (Papaioannou, 2001). Many reports indicate that Tbx signaling 
plays pivotal roles in cell proliferation. tbx2 is involved in cancer cell development in human 
(Jacobs et al., 2000). tbx2 represses the expression of cx43 to inhibit cell proliferation both in 
vivo for the development of the heart (Ribeiro et al, 2007) and eye (Behesti et al., 2009) and in 
vitro (Boogerd et al., 2008; Chen et al., 2004). tbx2b mediates Wnt signaling at the TCF level to 
regulate cell migration in the formation of the neural plate in zebrafish (Fong et al., 2005). In our 
current study, Wnt signaling was shown to inhibit the expression of tbx2a expression, but up-
regulate the expression of cx43, indicating a Wnt-tbx2-cx43 cascade in swimbladder is similar to 
previous reports ((Ribeiro et al, 2007; Behesti et al., 2009). Furthermore, we found that tbx2a 
repressed Wnt signaling in swimbladder, thus forming a negative feed-back loop to fine-tune the 
activity of Wnt signaling. However, this feed-back regulation was at the level of wif1, since its 
expression level was not altered in tbx2a morphants. The similar phenotypes of swimbladder 
resulting from knockdown of wif1 and tbx2a further suggest that tbx2a mediates Wnt signaling in 
controlling the early development of swimbladder.  
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4.9.8 Differentiation of mesenchymal cells at early stage and their effects on epithelial cell 
growth 
         The earliest detectable epithelium precursor cells appeared at 24 hpf, as revealed by the 
sox2 marker. These cells are detected at 28 hpf (Toeh et al., 2010) and 36 hpf (Winata et al., 
2009). Compared to the epithelium, mesenchymal cells are detected only from 48 hpf by fgf10 
(Winata et al., 2009) and has2 (this study).  In tbx2a morphants, the epithelium cells were 
specified, indicating that the mesenchyme cells were differentiated after the specification of 
epithelium cells. The greatly impaired growth of the epithelium in tbx2a morphants suggests that 
signals from the mesenchymal cells interact with epithelium cells and perturbed their growth. 
Therefore, the mesenchymal cells that differentiated at 36 hpf or earlier exert potent signaling 
effects on the epithelium cells.  
4.9.9 Possible roles of Wnt2 in the second swimbladder chamber budding  
       In mouse, Wnt2 is expressed in the mesenchyme of the lung and is required for lung 
specification, budding, branching and vasculariztation (Goss et al., 2009). In zebrafish, according 
to the ZFIN online data, wnt2 is expressed in swimbladder (Thisse et al., 2004). However, 
according to our detailed analysis of wnt2 expression by WISH combined with 
histoimmunofluoscence on the Et(krt4:EGFP)sq33-2 embryos, wnt2 was not expressed in 
swimbladder.  At 2 dpf, wnt2 was expressed at a site located just anterior to the 1st somite, more 
anterior to the site of swimbladder bud that is located between the 2nd and 3rd somites. At 3 dpf, 
the expression of wnt2 at 3 dpf was restricted to a very small region which is located at the 
position of the 3rd somite, similar to the start site of swimbladder and the site of the second 
swimbladder chamber bud.  As revealed by histoimmunofluorescence, wnt2 expression is not in 
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swimbladder, but is in the region that surrounds the pneumatic duct at the level of anterior of 
swimbladder, and in the region that surrounds the second swimbladder epithelium bud. The 
different expression pattern of wnt2 in zebrafish with that of Wnt2 in mouse lung mesenchyme 
(Goss et al., 2009), suggests the two have different roles. The second swimbladder chamber bud 
appeared from this site and protruded toward the expression site of wnt2 expression. wnt2 
expression in this site may provide signals that guide the migration direction of the budding 
epithelial cells. Since wnt2 expressing cells surround the epithelial cells of the second 
swimbladder chamber, they might be a group of mesenchyme cells that provide signals for the 
directional migration of the budding epithelial cells.  
4.9.10 Dosage dependent Wnt signaling for the swimbladder development 
        Signaling pathways regulate embryo development and homeostasis. Ptch1 mediates the 
dosage-dependent function of Shh signaling thereby regulating neural progenitor development at 
late gestational stages. A strong up-regulation of Shh signaling promotes the transition from 
ventricular zone (VZ) progenitors to ventralized intermediate progenitor cells (IPCs); however, 
low levels of Shh signaling increases the generation and proliferation of cortical IPCs in the 
subventricular region (Shikata et al., 2010). In the Wnt signaling pathway, the dosage-dependent 
effects have also been widely reported. Analysis of the vestigial tail mutation indicates that 
Wnt3a gene dosage controls mouse axial development. An increased level of Wnt3a activity is 
necessary for the morphogenesis of more posterior derivatives in the paraxial mesoderm (Greco 
et al., 1996). Up-regulation of Wnt4 signaling leads to an enhanced dosage-sensitive sex reversal 
in humans (Jordan et al., 2001). Using different APC mutations that result in different levels of 
β-catenin signaling revealed that cell proliferation, differentiation and apoptosis of adult somatic 
165 
 
                                                                                                                                          Chapter IV 
stem cells are determined by a tissue-specific β-catenin threshold (Gaspar et al., 2004). Another 
report also demonstrated that Apc modulates the dosage of β-catenin signaling to regulate 
embryonic stem cell differentiation (Kielman et al., 2002). The regulation of external genitalia 
morphogenesis is also controlled by hedgehog signals integrated with Wnt/ β-catenin signaling 
that is in a dosage-dependent manner (Miyagawa et al., 2009). For lung development, Wnt 
signaling also acts in a dosage-dependent manner: a Wnt antagonist results in decreased 
epithelial branching (De Langhe et al., 2005), whereas the knockdown of β-catenin leads to 
enhanced branching (Dean et al., 2005). In our current study, Wnt signaling regulates the overall 
development of early swimbladder development. In the wif1 morphants, where Wnt signaling 
was strongly up-regluated, swimbladder development was characterized by defects including 
impaired epithelium growth, reduced mesenchyme growth, ablated smooth muscle 
differentiation, and disorganized mesothelium. To our surprise, in the embryos of IWR-1 treated, 
heat-shock treated hs:Dkk1-GFP and  hs:∆Tcf-GFP embryos, where Wnt signaling was down-
regulated, the same defects as seen in wif1 morphants in swimbladder development were 
observed. The epithelium precursor specification is also abolished with the higher dosage of 
IWR-1. Therefore, proper development of swimbladder requires proper Wnt signaling. These 
results were in agreement with previous reports of mammalian lung development (De Langhe et 
al., 2005; Dean et al., 2005). 
 
4.10 Conclusions 
     In the current study, the expression patterns and the involvement of Wnt signaling 
components were investigated in early development of the zebrafish swimbladder. We also 
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explored the crosstalk between Wnt ligands, Wnt and Hh signaling pathways, and Wnt and Tbx 
signaling. The main findings include the following: 
1. We first identified a new set of molecular markers for the three tissue layers of zebrafish 
swimbladder. Among which, sox2 is the earliest epithelial marker, hprt1l and elovl1a are the 
earliest mesothelium markers, and has2 a mesenchyme marker.  
2. axin1, axin2, fz2, fz3, fz7a, fz7b, lef1, tcf3, wnt5b, wnt8a, wnt11, cx43, tbx2a, sox2, foxa1, 
foxa2, flk and gata6 were demonstrated by in-situ hybridization assays to be expressed in early 
developing swimbladder. A summary of the genes tested was presented in Table 4-3 for a 
comparison among zebrafish swimbladder, Xenopus and mouse lung.  
3. We demonstrated that Wnt signaling plays a pivotal role in early development of all three 
layers of the zebrafish swimbladder. Specifically, blocking Wnt signaling abrogated the 
specification of epithelium and mesothelium, impaired growth of mesenchyme, prevented 
smooth muscle differentiation, reduced cell proliferation and enhanced cell apoptosis.  
4. We demonstrated that up-regulation of Wnt signaling resulted in perturbed development 
of swimbladder. Specifically, the growth of epithelium and mesenchyme was greatly inhibited, 
the differentiation of smooth muscle differentiation was abolished, and the organization of 
mesothelium was disturbed. These findings, together with results from the Wnt inhibition study, 
suggest that a proper amount of Wnt signaling is required for the normal development of 
swimbladder in zebrafish. 
5. The formation of the second swimbladder chamber is also regulated by Wnt signaling, 
probably through Wnt2.  wnt2 is not expressed in the early swimbladder, but it is expressed in 
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Table 4-3. Summary of Wnt components and related genes in the mouse and Xenopus lung   
and the zebrafish swimbladder 
















ND ND ND ND 
wnt2 Surrounding 
2nd bud 
ND ND ND mesenchyme Epithelium 
specification; 




























mesenchyme ND ND ND 
fz2 Mesenchyme 
mesothelium 
ND ND ND ND ND 
fz7b Mesenchyme 
mesothelium 
ND ND ND ND ND 
tcf3  Swimbladder 
layer ND 
ND ND ND ND ND 
lef1 Mesenchyme 
mesothelium 
ND ND ND ND ND 
axin1 ND ND ND ND ND 
axin2 
Swimbladder 
layer ND ND ND ND ND ND 










and smooth muscle 
differentiation 
Note: ND, not determined. 
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6. There is a crosstalk between Wnt signaling and Hh signaling in the early developing 
swimbladder. Our data indicat that Hh signaling is maintained by Wnt signaling and plays a 
negative feedback on Wnt signaling during early swimbladder development.  
7. A crosstalk between Wnt and Tbx2a signaling is revealed. Wnt signaling inhibits tbx2a 
expression and up-regulates cx43 expression, however tbx2a represses Wnt signaling in 
swimbladder. In addition, we found that this feed-back regulation does not involve wif1, whose 
expression level is not altered in tbx2a morphants.  
8. Our data show that sox2 was not a Wnt target in swimbladder and wif1 expression level is 
not regulated by Wnt signaling. This implies that wif1 expression is regulated by some other 
mechanisms. The expression of wif1 may be maintained by Hh signaling since the expression of 
wif1 in swimbladder and brain is missing in smo mutant.  
9.  Wnt11 may play a redundant role with wnt5b in specification of mesenchymal cells, 
although wnt11 knockdown does not alter normal swimbladder development.   
       In summary, based on all the information obtained for the current study, a model that 
schematically depicts crosstalk between Wnt, Hh and Tbx2a signaling is proposed (Fig. 4-32). 
Wnt signaling is inhibited by inhibitors Dkk1 and Wif1. Hh signaling is maintained by Wnt 
signaling but imposes a negative feedback regulation on Wnt signaling. tbx2a expression is 
inhibited by Wnt signaling, and Tbx2a negatively regulates Wnt signaling. Wnt signaling 
enhances cx43 expression. Whether or not cx43 is negatively regulated by Tbx2a needs further 
examination. A model describing the time-dependent requirement of Wnt signaling is 
summarized in Fig. 4-33A. When Wnt signaling was blocked from 12 hpf, the epithelium 
specification was abrogated, whereas the mesenchyme and mesothelium were specified, with the 
latter disorganized. When Wnt signaling was inhibited from 14 hpf, the epithelium was specified  
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Fig. 4-32. Schematic depiction of crosstalk between Wnt, Hh and Tbx2a signaling. Wnt signaling is 
inhibited by inhibitors Dkk1 and Wif1, and negatively regulated by Hh and Tbx2a signaling. Wnt 
























Figure 4-33. Schematic representation of Wnt signaling requirement in swimbladder development. (A) 
Time-dependent requirement of Wnt signaling in formation of different tissue layers of swimbladder. 
Treatments with 10 mM IWR-1 were initiated from different developmental stages and morphologies 
were summarized on the right. E, M and O indicate epithelium, mesenchyme and outer mesothelium 
respectively. ‘‘+’’ indicates presence and ‘‘2’’ indicates absence. (B) A proposed model Wnt regulation 
of swimbladder morphogenesis. (1) Early Wnt signals (green arrows) induce specification of epithelial 
cells. (2) Wnt signals secreted by mesenchyme (green arrows) and mesothelium (red arrows) coordinate 
the organization and growth of three layers. (3) Sufficient Wnt signaling secreted from epithelium (blue 
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but disorganized, and the mesothelium and mesenchyme remained disorganized. Blocking of Wnt 
signaling from later time points at 36 hpf and 48 hpf resulted in properly organized but smaller 
swimbladder rudiments in all three tissue layers. A model of regulation of Wnt signaling on 
swimbladder morphogenesis is proposed (Fig. 4-33B). Early Wnt signaling from mesenchyme 
precursors determines the specification of epithelium. Wnt signaling from mesenchyme and 
mesothelium during growth stage coordinates the organization of epithelium and mesothelium, as 
well as growth of all three layers. Wnt signals at subsequent growth stage from all three layers 
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